[
THE TIMF-TEMPERATURE BEHAVIOR
OF GRAPHITE EPOXY LAMINATES.

YEOW YER THYE
" " DEGREE DATE: 1978

APYI""‘B\H:L A R A TR Y DY -0

Dwidiunon Unlmites

: S
o | ’ w F o | PR G .
o gl e s D L 2. e A et S e
) R e T oy * AR "; B A » oM

o



Date. 979s395 Time: 3:30:59PM

Page: 1 Document Name: untitled

#2xDTIC DOES NOT HAVE THIS ITENws==
AD NUMBER: D428357

—_—1 -
—— 6 — UNCLASSIFIED TITLE: THE TIME-TEMPERATURE BEHAVIOR OF GRAPHITE

EPOXY LAMINATES,
=10 .
—-11 - REPORT DATE:

YT
. 1978
12 AGINATION-—153P
20 REPORT CLASSIFICATION: UNCLASSIFIED

1
12 B

=" POLYTECHNIC INSTITUTE AND STATE UNIVERSITY IN PARTIAL FULFILLMENT
-— OF REQUIREMENTS FOR PHD. SEE ALSO PL-29676.

-l — — DISTRIBUTION

L ToX Wl mll s

ITHITKTTOH5'TIIPHKTT'“——IPPRUVEIFFUR'PUBL1L RELEASE
— UNLIMITED. AVAILABILITY: UNIVERSETY MICROFILMS INTERNATIONAL. 300 N.

TOLWJIUD .

33 - LIMITATION CODES: 1 24




This is an authorized facsimile
and was produced by microfilm-xerography
in 1979 by
UNIVERSITY MICROFILMS INTERNATIONAL
Ann Arbor, Michigan, U.S.A.
London, England

et




' THIS DOCUMENT IS BEST
'QUALITY AVAILABLE. THE

COPY FURNISHED TO DTIC

 CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO
NOT REPRODUCE LEGIBLY.




INFORMATION TO USERS

This material was produced from a microfilm copy of the ongnal document. While
the most advanced technological means to photograph and reproduce this document
have been used, the quality is heavily dependent upon the quality of the original
submitted.

The following explanation of techniques is provided to heip you understand
markings or patterns which may appear on this reproduction.

1. The sign or “‘target’” for pages apparenty lacking from the document
photographed is “‘Missing Page(s)”. If it was poss:ble to obtan the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting thru an image and duplicating adjacent
pages to insure you complete continuity.

2. When an image on the film is obliterated with a targe round black mark, it
is an indication that the photographer suspected that the copy may have
moved during exposure and thus cause 2 bilurred smage. You will find a
good image of the page in the adjacent frame.

3.When a map, drawing or chart, etc., was part of the material being
photographed the photographer followed 3 definite method in
“sactioning" the material. It is customary to begn photoing at the upper
left hand corner of a large sheet and to continue photoing from left to
right in equal sections with 3 small overiap. If necessary, sectioning is
continued again — beginning below the first row and continuing on until

complets.

4. The majority of users indicate that the textual content is of greatest value,
however, a somewhat higher quality reproduction could be made from
“photographs” if essential to the understanding of the dissertation. Silver
prints of “photographs’’ may be ordered at additional charge by writing
the Order Department, giving the catalog number, title, author and
specific pages you wish reproduced.

5. PLEASE NOTE: Some pages may have indistinct prnt. Filmed as
received.

Xerox University Microfilms

300 Mort Zesd Roed
Aan Artor, Machgan 45108

s

4

o s




7818563

YEON, YEW THYE
THE TIMEeTE=CPERATURE BERAVIOR OF GRAP=ITE
groxy LAMINATES,
VIRGINIA POLYTECHNIC INSTITUTE AND STATE

UNIVERSITY, PHoDeo 1978

s .

FEnanonAl 00N ZELES HOAD ANN ARSON

—— T— S—————




THE TIME-TEMPERATURE BEHAVIOR OF GRAPHITE EPOXY LAMINATES,

by
Yew Thye Yeow

Dissertation submitted to the Graduate Faculty of the

Virginia Polytechnic Institute and State University

in partial fulfiliment of the requirements for the degree of

DOCTOR OF PHILOSOPHY
in

Engineering Mechanics

APPROVED:

AT rirorr

. Brinson, Chairman

2%}

. P. Mctht

K. L. Reifﬁnidgr

D. H. Morris

;

May 1978 |/
Blacksburg, Virginia

M. R. Louthan




ACXNOWLEDGEMENTS

The author wishes to express his sincere appreciation to

Professor H. F. Brinson, his advisor and project director, for his

advice and guidance during the entire endeavor of the author's graduate

studies. [In addition, the author wishes to express:

his thanks to his committee members for their well-posed
comments and criticisss.

his gratefulness to his monitors D. P. Williams of NASA Head-
quarters, Mashington, D.C., and H. 6. Nelson of the Materials
and Physical Sciences Branch, NASA-Ames Research Center,
Moffet Field, CA 94035 for financing this challenging project.
his appreciation to Bob Davis, Ken McCauley and Archie
Hontgomer& for their assistance in the experimental work.

his thanks to Mrs. Peggy Epperly for the excellent typing

throughout the course of the investigation.

and lastly but not least, the encouragement and flexibilities of his

parents are well-appreciated.

i1




TABLE OF CONTENTS

Chapter Page
ACKNOWLEDGEMENTS . .« ¢ v v o o o oo oo oo e o0 e 11

LIST OF ILLUSTRATIONS . . . « o o o = o o o = o o o 0@ iv

LISTOF TABLES . « « = v o o o o o o oo o o = 0 0 " . ix
NOMENCLATURE . . « « o o « o o o e o o o s o o & o s e X

I. INTRODUCTION . . . o o o o o e o oo e oo om0 e om0 1

II. ANALYTICAL METHODOLOGY . . . . - . . . e e e . 5
Time-Temperature-Superposition Principle (TTSP) . . N
Time-Dependent Strength Prediction . . . « « + ¢« « 14

II11. EXPERIMENTAL CONSIDERATIONS AND OBSERVATIONS . . . . . . 19

Iv. DATA REDUCTION - EXPERIMENTAL MASTER CURVE

DETERMINATION . . . . .+ - - N )

- Master Curve Prediction . . . « « ¢« o ¢ o o oo o 37

Strength Predictions . . « . ¢« ¢ o o oo . e . a7

V. RESULTS AND DISCUSSION . « & v« o oo e oo oo e oo e 50

VI. CONCLUSIONS AND FUTURE CONSIDERATIONS . . . « « « « « - 70

BIBLIOGRAPHY . . « ¢ v o o o o o o o o o o o o oo = o 74

APPENDICES |

A. STRESS-STRAIN BEHAVIOR AT ROOM TEMPERATURE . . . « « . - 81
B. A SYNOPSIS OF FRACTURE BEHAVIOR OF NOTCHED COMPOSITES

AT ROOM TEMPERATURE . . . . . S T 99

VITA . . &« e v o o o o S B 139

111

g




10.

1.

12.

LIST OF ILLUSTRATIONS

Coordinate System Used for General Lamina or Ply
and for Off-Axis Tests . . . - « « e ¢ o v om0 0t 07 9

Linearity Check (Stress-Strain Curves After 15-Min.
Creep) for T300/934 Graphite/Epoxy Laminate . . . . . - 21

Creep and Creep Recovery of [90"]8s T300/934 Graphite/
Epoxy Laminate . . . . .o oo e ee e e s s m 0T . 22

Thermal Expansion of [90°]g¢ T300/934 Graphite/Epoxy
Laminate with Glass-Transi%mon Temperatures Indicated . 24

Reduced Reciprocal of Corpliance, 1/Sxx» and Portion
of 180°C Master Curve for [10°]gs T300/934 Graphite/
Epoxy Laminate . . « « o o == s s e sttt T 28

Reduced Reciprocal of Compliance, 1/Sxx, and Portion
of 180°C Master Curve for [15°]gs T300/934 Graphite/
Epoxy Laminate . . . - - o - e e e e e e mmmm 0T 29

Reduced Reciprocal of Corpliance, 1/Sxx, and Portion
of 180°C Master Curve for [30°])gg 7300/934 Graphite/
Epoxy Laminate . . . . . o e s e oo s s s st m T T 30

Reduced Reciprocal of Corpliance, 1/Sxx» and Portion
of 180°C Master Curve for [45°]gs T300/934 Graphite/
Epoxy Laminate . o o « o = o e e s e sttt Tttt 31

Reduced Reciprocal of Corpliance, 1/Sxx, and Portion
of 180°C Master Curve for [60°]8s T300/934 Graphite/ :
Epoxy Laminate . - .« - o e e s e s s m et 0 32

Reduced Reciprocal of Compliance, 1/Sxx» and Portion
of 180°C Master Curve for [75°]gg 7300/934 Graphite/
Epoxy Laminate . . . . - - R T

Reduced Reciprocal of Compliance, 1/S22, and Portion
of 180°C Master Curve for [90°]as T300/934 Graphite/
Epoxy Laminate . . . « « - o = e e s st st m Tt T 34

Reduced Reciprocal of Compliance, 1/Sgg, and Portion
of 180°C Master Curve for 1300/934 Graphite/Epoxy . . - 35

iv

RERTAT TR
)




Fiqure
13.

14.

15.

16.

17.
17a.
17b.
17c.
17d.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Reduced vpj Data and Portion of 180°C Master Curve
for 1300/934 Graphite/Epoxy . . - - -« - o e 0 m 00

Master Curve of the Reciprocal of Reduced Compliance,
1/S22, for [90°]gs Laminate at 180°C . » v o o o e oo e

Master Curve of the Reciprocal of Reduced Shear
Compliance, 1/566» at 180°C . & o o o e e e e oee e

Master Curve of the Reduced Minor Poisson's Ratio,
vol, at 180°C . o o o e oo e e e e st T .

Schematic for Master Curve Prediction Procedure

Logyg at Versus Tempgrature ..............
1/S22 Master Curve at Te%C o v oo e e e
1/5¢¢ Master Curve at 1S
Temperature Versus Logjg @1 « = - - =+ ¢ -0ttt

Master Curve of the Reciprocal of Reduced Compliance,
1/Sxxs Of [10°]gs Laminate at 180°C . . o e v o oo e

Master Curve of the Reciprocal of Reduced Compliance,
1/Sxx» of [15°]gs Laninate at 180°C . . o+ o o e

Master Curve of the Reciprocal of Reduced Compliance,
1/Sxxs Of [30°]gs Laminate at 180°C . . .« - s s oo oo oo

Master Curve of the Reciprocal of Reduced Compliance,

1/Sxx» of [45°] Laminate at 180°C . . . . . .« o - - -

Master Curve of the Reciproéal of Reduced Compliance,
1/Sxx» of [60°]gs Laminate at 180°C . . o o o oo e

Master Curve of the Reciprocal of Reduced Compliance,
1/Sxx» of [75°)gs Laminate at 180°C . . - v e e e e s

Comparison of Reciprocal of Compliance with Respect
to Orientation and Temperature . . . . . . - « « = = ° °

Predicted Master Curves of the Reciprocal of Reduced
Compliance, 1/5xx» of [30°]gs Laminate at Different
Temperatures . . - - « « « « = = s s s st T 0t S

Logyg a7 Versus Temperature . . . . . . - - "

52

55

59

s




i

27.

A-4.

B-1.
B-2.

Figure

B-3.

vi

Logyg at Versus Reciprocal of Absolute Temperature . . .

Comparison of Normalized Experimental and Predicted
0ff-Axis Strengths (Ramp Loaded Uniaxially to Failure)
at Room Temperature (22°C) and Glass-Transition

Temperature (180°C) . . . « « o o o oo oo e e e

Time-Dependent Failure Surface of Unidirectional

Graphite/Epoxy Laminates at 180°C &+ & & o o 0 e e e e s

Comparison of Experimental Results with Analytical
predictions of AS-3501 [0°/230°/0°]p¢ Graphite/

Epoxy Laminate . . . . . o« o - o e e e e e e e e e

Comparison of Experimental Results with Analytical
predictions of AS-3501 [45°/15°/75°/45°]2¢ Graphite/

Epoxy Laminate . . . . . o . o o e e e e e e s e e e

Comparison of Experimental Results with Analytical
Predictions of AS-3501 [90°/260°/90°]2¢ Graphite/

Epoxy Laminate . . . . o . o o e oo e e e e e e e e e

Lamina Shear Stress-Strain Response of T300/934
Graphite/Epoxy Material as Determined by Different

MEthOOS . « o ¢ o o o o o o o o o o o o o o v o o s o=

variation of the Tensile Moduli with Fiber Orientation

for Unidirectional T300/934 Graphite/Epoxy Laminates . .

Predicted Laminate Tensile Response Using Indicated
Shear Behavior Compared with Experimental Results

Predicted Laminate Tensile Response Jsing Indicated
Shear Behavior Compared with Experimental Results

Predicted Lamiﬁate Tensile Response Using Indicated
Shear Behavior Compared with Experimental Results

Mode I Loading of a Center Cracked Infinite Plate
Load-Displacement Curves for Slits, 2a/w = 0.25
Remote Failure Stresses of 7300/934 Graphite/Epoxy

Laminates . « « - « « o o o o o o s o e s e e e e s e

Isochromatics of [$45°]4¢ Laminate with Perforated
(a-d) and Continuous (e.?) Coatings (2a/w = 0.45)

94

95

96




Fg@wﬁ%@~
vii P e
Figure Page
g-5. Single Edge hotch (SEN) Gross Fracture Stresses _
for AS-3501 Graphite/Epoxy Laminates . . « « o o - ¢ 113 “,V“N
B-6. Double Edge Notch Gross Fracture Stresses for l
AS-3501 Graphite/Epoxy Laninates . « o o o o o o = o o 114 Lo
B-7. Circular Hole Gross Fracture Stresses for AS-3501 ﬁ
Graphite/Epoxy Laminates . . - .« < o - ettt 115 P
B-8. Photoelastic Coating pirefringence Photographs and ;»w,
Fracture Planes for T300/934 Graphite/Epoxy For
Laminates . - « « - = o= s e s st e et . . 116 i

5.9, Stable Crack Growth for [90°/:60°/90°]ps AS-3501 |
Graphite/Epoxy DEN Speciren. (Arrows indicate :
extent of crack growth.) . . o o ¢ o o e e e e e 0 19 ]

B-9 (cont.) Stable Crack Growth for [90°/:60°/90°]2¢ '
AS-3501 Graphite/Epoxy DEN Specimen. R
(Arrows indicate extent of crack growth. -
Note additional cracks above and below o
the notch plane.) . - - « « « o o = = o = o - 120

B-10. Characteristic Lengths for T1300/934 Graphite/Epoxy
Laminates with Implanted Cracks . « o o o o o o o o o 122

|
B-11. Characteristic Lengths for T300/934 Graphite/Epoxy g
Laminates with Implanted Cracks . . . . « -« - = - 124 B

B-12. Comparison Between Experiental and Analytical 3
Critical Remote Stresses for CN [0°]gg Laminates . . . 125 |

B-13. Comparison Between Experizental and Analytical ;
Critical Remote Stresses for CN [0°/90°]ag Laminates . 126 Ve

B-14. Comparison Between Experirental and Analytical
Critical Remote Stresses for CN [+45°]45 Laminates . . 127

B-15. Comparison Between Experirental and Analytical
Critical Remote Stresses for CH [0°/£45°/0°]2¢
Laminates . . o o o o o= s o= oo e e e e e e e 128

B-16. Comparison of Experimental and Theoretical Fracture
Strengths for AS-3501 Graphite/Epoxy Laminates
Containing Centrally Located Holes. (Results
corrected to infinite widtn using isotropic stress
concentration factor.) . . . .« - e e s e sttt 130




;mbs» IS

viii

Figure Page

B-17. Comparison of Experimental and Theoretical Fracture
Strengths for AS-3501 Graohite/Epoxy Laminates
Containing Centrally Located Holes. (Results
corrected to infinite width using isotropic stress
concentration factor.) . . . o . e oo oo e et 13

B-18. Finite Width Correction Factors for CN T300/934
Graphite/Epoxy Laminates . . . .« . o oo e e et 133

B-19. Finite Width Correction Factors for DEN AS-3501
Graphite/Epoxy Laminates . . . o« « o o coen e 135

B-20. Finite Width Correction Factors for SEN AS-3501
Graphite/Epoxy Laminates . . - o« o o o c e e e e . 136




;4]

i

- % WAty 3o
’: “”?l)‘f{”lg‘*: wr

LIST OF TABLES

Table Page
1. Values of the Respective 1-Minute Complfances ..... 42
2. Comparison of Experimental and Pred!cted Axijal
Strength at 180°C . . . . . . . . . e e e e e e e e e 67
A-1. Predicted Failure Strencti, Mormalized with Respect 90

to the Experimental Strength . . . . . . e s e e s e

o
b

ix




CI,Cz
fij(c -z')
cij(‘ -zc')

Cij(ai)

dN

NOMENCLATURE

Thermal coefficient of expansion with respect to the
global coordinates

Thermal coefficient of expansion with respect to the
local coordinates

Total crack length

Total inherent flaw crack length

Characteristic length for point stress criterion
Shift factor, function of temperature

Total crack length

Thermal stress characteristics with respect to the
global coordinates

Thermal stress characteristics with respect to the
local coordinates

Material constants for the WLF equation

Relaxation moduli with respect to the global coordinates

Relaxation moduli with respect to the local coordinates

toat

Reduced time, defined as I 3
T

t ot
Reduced time, defined as I ™

Local stiffness as a function of stress, o,
Global stiffness as a function of stress, oF
Characteristic length for the average stress criterion

Load increment




R

xi |
de® Laminate strain increment
dci Lamina strain increment
dcu1 Lamina stress increment
L\Ha | Apparent activation energy
At Time increment
AT Temperature change
3 Normalized crack length and is equal to 3 : do
g’ Normalized crack length and is equal to s——i—-;i-

.

€43 Strains expressed in the local coordinates
€43 Strains expressed in the global coordinates
E" Modulus in the direction of the fibers
Ezz Modulus in the Qirection transverse to the fibers
Exx Axfal modulus of off-axis laminate
F(a/w) Finite width correction factor
Gy2 Intralamina shear modulus
H(z) Step function; = 0 for g <0 and = 1 forg>0
KIC Mode I critical stress intensity factor
K11 Mode II stress intensity factor
KQ Fracture toughness ‘ . %
L Total laminate thickness i
Ln Natural logarithm
N, Applied loads .
P Density at temperature, T
P Density at temperature, To
R Universal gas constant




xii

Quasi-elastic shear strength

Creep compliance with respect to global coordinates
Creep compliance with respect to local coordinates
Stresses with respect to the global coordinates
Stresses with respect to the local coordinates
Finite width notched strength

Quasi-elastic ultimate strength of unnotched laminate
Criiical remote stress normal to the crack

Reference time

Time

Lamina thickness

Temperature

Primary glass transition temperature (180°C)
Secondary glass transition temperature (60°C)
Reference terperatures

Transformation matrix

Transformation matrix for the kth Tamina

Major Poisson's ratio

Minor Poisson’s ratio

Quasi-elastic strength in the fiber direction
Principal creep strengths; m = 1,2,6

Global Cartesian coordinate system

Quasi-elastic strength transverse to the fiber direction
Local of material Cartesian coordinate system with 1
in the direction of the fibers and 2 is in the

direction transverse to the fibers

froasieiie

”””””




1. INTRODUCTION

The use of composite materials in structural design has been
pfacticed’since the early stages of the human civilization. It is
only lately that a very major effort has been ﬁade in improving and
comprehending the response and behavior of this class of “tailorable"”
materials. Depending on one's needs, modern composites may consist
of a number of different types of constituents. The particular class
of modern composites which is of interest here is the one consisting
of continuous fibers embedded in a polymeric matrix or binder.
Structures made from these types of constituents will exhibit some form
of time-dependent behavior [1] as one phase (the matrix) is time-
dependent and the other (the fiber) may or may not be time-dependent.
depending on the type of fiber used [2]. For example, automobile tires
reinforced with polyester cord will correspond to the former and epoxy
based composites reinforced with graphite fibers is representatiye of
‘the latter. In addition, irrespective of the type of reinforcement,
the interface between the fiber and matrix is time-dependent [3]. For
definitive purposes, only epoxy based continuous fiber reinforced
composites are investigated here; namely, graphite/epoxy laminates.
Unless otherwise stated, this class of composites is the one addressed
throughout this manuscript.

when considering the time-dependent behavior of a composite
material, there are at least four accelerating factors (temperature,

stress, vibration and moisture) [4] that will affect the viscoelastic

ey




behavior of a material. The type of time analogy (superposition)
selected is solely determined by the detrimental effects of the indi-
vidual accelerator on a structure. In reality, all four accelerators
are generally present in most structures. Simulation of experiments
containing all four accelerating factors and boundary value definition
of these experiments are indeed coplex. Consequently, investigations
pertaining to such real-time simulation have not heretofore been
accomplished. However, jndividual time analogies have been reported
[5-10]. Unfortunately, the majority of these limited investigations
are neither detailed nor complete enough to be comprehensively applied
to two-phase composite systems in general. The primary goal of this
investigavion is to address these latter issues as ouflined in greater
detail subsequently.

The objective of the present investigation is to provide an in-
depth study on the time-temperature behavior of epoxy based continuous
and elastic fiber reinforced composite materials and explore the possi-
bilities of using the time-terperature analogy as an accelerated
characterization method to predict long-term behavior. Both analytical
and experimental time-temperature procedures will be presented. The
reason for considering only one time analogy is primarily due to the
constraints imposed by time limitations which would rule out such a
diverse investigation as multi-parametric predictions. However, it is
felt that by using the present limited study other environmental
parameters can be appropriately and confidently incorporated in future

multi-parametric investigations as time permits. The reason for

selecting the time-temperature analogy is that among the four analogies,




this is the most common and also the most detrimental environmental
parameter. In addition, this parameter js one to which epoxy based
composite structures are always subjected.

Preliminary investigations on the time-temperature behavior of
graphite/epoxy laminates indicated that the investigation could '
essentially be separated into two parts; i.e., room-temperature and
elevated temperature responses. At elevated temperatures, especially
at or above the glass-transition temperature (Tg), major time-dependent
bghavior was observed. At room-temperature, only very minor visco-
elastic effects were observed. Thus, based on the following reasons,
the material can be assumed to be time dependent at room temperature;

g) In the analyses of Sandhu [11], Sendeckyj et al. [12] and

others [13], where only quasi-elastic behavior is assumed,
good correlations between analysis and experiments were ob-
tained.

b) The strain rate test data of Daniel et al. [14], as well as

VP1 data, revealed only minor viscoelastic behavior. How-
ever, the results were inconclusive due to the scatter in
the data.

c) The creep test data presented herein shows only a very slight

creep behavior for off-axis tensile tests.

For these reasons, the behavior at room temperature can be con-
sidered as a special case in our time-temperature investigation. For
the sake of completeness, validation of test methods used in this in-
vestigation and to provide a better insight to the present and future

time-dependent investigations, this special case is summarized and




substantiated by the analytical and experimental results given in
Appendices A and B, where a synopsis of the unnotched behavior is
presented in Appendix A and a synopsis of the notched behavior is
presented in Appendix B.

The format adopted in this manuscript is to first present the
analytical methodology (Chapter 11). In this chapter, the reduction
of the anisotropic time-temperature constitutive stress-strain relations
to a simpler form, a discussion on the time-temperature superposition
principle and the creep strength prediction methodology are presented.
The following chapter (Chapter 111) presents the experimental pro-
cedure including our observations of and rationale for the test methods
used. In Chapter IV, data reduction and predictions of the uni-
directional master curves obtained from short term tests are discussed.
In addition, the procedure ysed in the creep to rupture predictions is
also discussed. The analytical and experimental results are compared
* and discussed in Chapter V. Finally, in Chaptér VI a summary of the
investigation, as well as conclusions and possible avenues of future

research in this area of composite materials, is discussed.




1. ANALYTICAL METHODOLOGY

The viscoelastic structural response of a thermorheologically
simple material (TSM) is affected bty temperature mainly through thermal
expansion and changes in relaxaticn and retardation times (sometimes

known as rheological coefficients) [15,16]. Thermodynamically, the

‘linear viscoelastic relations bebtween stresses and strains for an

anisotropic TSM can be written compactly by means of the Boltzmann

superposition integral [17] as
t d¢, t ‘
-— - -— N tl s e - ' aAT ]
013 I.o Cijkl(c -t ) 32; a I.. Bij(: g ) 'é'c'l" dg (])
and in the inverse form as
t 30, t
— = . k - - - ] 3AT [}
€43 I gijz(‘ -z') 33——-01 I.. uij(C z') 3% dg (2)

-lD

where Eij and E}j - stress and strain, respectively, with respect to
time.

[}
compliances, respectively.

cijkz( (z - &) = relaxation moduli and creep

E}j(c -¢') and Egj(c - z*) = thermal stress and strain
characteristics of the material, respectively.

AT = change in temperature, T.
t .
T = I at . reduced time

-t

T
g' = [ g . reduced time
a * aT(T) = shift factor

5

[
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and 1,3,k,1 = 1,2,3,....,6

The first and second integral on the right hand side of equations (1)
and (2) represents the response due to mecﬁanical and thermal loads,
respectively, and the lower limit (-=) is used to account for the load-
ing history of the material. Conseguently, equations (1) and (2) are
sometimes known as the “Hereditary Integrals.”

Under isothermal conditions, equations (1) and (2), reduce to

t o€,
5'11 -'L' t”“(c -c')-a-c-';‘id:' (3)
and o
_ t ' aokl .
fyt | Sl - (4)

respectively. The significance of the material properties in equa-
tions (3) and (4) is revealed when step-function loads are applied.

Mathematically, the step-function stresses can be represented as

5y = HEYS,, (5)

!
where ckl are constants and

0forc <0
H(g) = (6)
1 forg >0

Substituting equations (5) and (6) into equation (4), which represents

a creep test, and for virgin materials, the resulting equation can be
expressed as
€45 g}jkz(‘)°kz (7

The inverse of equation (7), relaxation test, is




55 = Cigeete)ohe (8)

where E;z are corstants. In terms of the real-time parameter, t, equa-

tions (7) and (8) can be expressed as

55 = Sigkel Dok (9)

and
o5y ™ Cosa(Vee ~(10)

respectively. At this stage, either equations (7) and (8) or equations
(9) and (10) are sufficient to represent the most anisotropic time-
dependent response of a TSM subjected to the step-function loads des-
cribed earlier. For monolithic paterials such as unidirectional
composite laminates, the thirty-six raterial constants of equations (7)
to (10) can be reduced to four when material and geometric symnetries

and a plane state of stress are assumed. Thus, equation (9) can be

expressed as

55(t) 5pp(t) Sp6lt) (Eil

BT
St = 5;2(t) §22(t) Selt) 929 (11)
vzl [islt) Saelt) Sest) 912

where ?}2 = 22&2. Or simply as
(=} = [5(t)1(c") (12)
and the inverse of egquation (12) is

{o} = [C(t)]{c"} (13)
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It should be mentioned that equations (12) and (13) are expressed in
terms of the global coordinate system. If the local and global
coordinate systems coincide then the values of the coupling terms
(SIG(t)’ st(t). C]6(t) and C26(t)) are zero. Tensorally, the local
and global coordinate systems are related by a transformation matrix,

[™], which is expressed as

Cos%e Sine -2C0s5 Sine

(M) = [sin% Cos2s 2Cose Sine (14)

Sine Cose -Sina Cos® Cosze - Sinze

where 6 is the angle between the local (1-2 coordinates) and the global
(x-y coordinates) axes, as shown in Figure 1. The relationship between
the compliance expressed in terms of the local coordinates, [S(t)].vand
the compliance expressed in terms of the global coordinates, [S(t)], is
found to be
[5(t)] = (™17 [s(£)](TM] (15)
where
S;p(t) Sty 0
[5(8)] = [5;(1) Spft) O (16)
0 0 Sgelt)

where S]](t) and Szz(t) are the compliances along and transverse to the
fibers, respectively, 512(‘) = vlz(t)sll(t)’ vlz(t) is the major
Poisson's ratio, and Sss(t) js the intralamina shear compliance. Thus,
knowing these four time-dependent constants, the creep properties of

any arbitrary unidirectional laminate can be obtained from equation (15).
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Among the nine terms of the [5(t)] matrix, the first diagonal term
(§n(t), axial compliance) is perhaps the most important. By substi-
tuting equations (14) and (16) into equation (15), the resulting axial
compliance term is expressed as

S = 4, 2. il b
S”(t) = Sxx(t) = Sn(t) Cos & + (Sss(t) + 2512(1:)) Cos 6 Sin"e r

. 4 S
+ Szz(t) Sin'8 (17) . 3;;»'} RS
Equation (17) is the time-dependent analogue of the elastic orthotropic
transformation equation. In terms of stresses and strains, the L

principal matericl compliances of equation (17) are expressed as

Sp{v) = i‘-‘-(—t—)- (18a) .
! 1 e

Szz(t) = —{2— | (18b) Fo

Seelt) = —;i"—' (18¢c)

and
(t)

Experimentally, the stresses and strains of eguations (18a) and (18d)
are obtained from a [0°]S uniaxial test, those of equation (18b) .are

obtained from a [90°]s uniaxial test, and those of equation (18¢c) can

be obtained from a [10°]S uniaxial test or other shear testing as

described in Appendix A.
By the same procedure, the other five elements of the symmetric
[S(t)] matrix can be obtained. Thus, by the application of appropriate

assumptions and tensoral arguments, one can obtain the required
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constitutive equations for unidirectional composites. However,
physically the time-temperature verification and data reduction of the
constitutive equation is no trivial matter. For continuity sake, this
aspect will be placed in perspective and appropriately discussed in

the data reduction section of this manuscript.

Time-Teuperature—Superposition Principle (TTSP)
Basically, the TTSP or nethod of reduced variables [18,19] is
a method by which long-term time-dependence can be determined by
short-term responsée taken at various elevated temperatures. It is

based on the relation
. %0 To
E,j(t .To) =T Eij(t.T) (19)

where Eij(t.T) and Eij(t'.To) are the moduli at temperature T and
reference temperature T , respectively, p and Py 3T€ the densities at
temperature T and the reference temperature, To’ respectively. For
“solids the ratio p, /o is very smaII and is often neglected. The time
parameters t' and t are related by the shift factor, ay, and is defined
by the relation
. .

t- ]: & (20)
It must be mentioned that equation (19) as written is only valid for
relaxation moduli. For compositeé. the axial creep compliance relation-

ship can be expressed as

5, (t'Tg) = }; 5, (tT) (21)

":% P ARL O
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or in the reciprocal form as
1
1 0
v =¥ (22)
Sxx(t ,To) T Sxx(t.lf

Due to the very small change in densities with respect to temperature,
the density ratio is neglected in equations (21) and (22).

The implication of equations (19) and (22) is that the TTSP will
enable one to reduce the complex time-temperature dependence of a
viscoelastic material over several témperatures to a single time
dependence at a certain reference temperature and a separate teﬁpera-
ture dependence. The latter dependence is represented by the variation
of the shift factors with respect to the jsothermal ambient temperature.
Physically, it would mean that by conducting short-term tests at dif- -
ferent ambient temperatures, the long-term response of the viscoelastic
material is represented by 3 corposite curve constructed by shifting
all of the short-term curves to obtain a master curve. This master
 curve is obtained by the horizontal shifting of the reduced viﬁcoelastic
functions with respect to 2 reference temperature along the logarithmic
time axis.

As such, the role of the shift factor is of great importance
when the TTSP is invoked. Generally, for ambient temperatures below
the glass transition temperature (Tg), the shift factors are related
to the ambient temperature by an apparent activation energy (AHa)
defined as: [18]

d(Ln aT)
AH. = R -7 . (23)

Pﬁ:ﬂ&?&\.ﬂ;» s
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where R is the universal gas constant, Ln is the natural logarithm
and the other parameters are as previously defined. If Ln ag is
directly proportional to 1/T, equation (23) can be further simplified

to an Arrhenius type equation, that is,

= ’-—-1
AHa 2.303R Logyq ar [} T;] (24)

The implication of equation (24) is that the activation energy is
constant for ambient temperatures below the Tg. 1f the ambient
temperature is at or above the Tg then the shift factor is related to
the ambient temperature by an empirical equation known as the William-

Landel-Ferry (WLF) equation [18-20]. The WLF expression is given as

¢,[7 - T,
Logyg 37 = t-z—;—n—_g-rg-f | (25)
where C] and C2 are material constants.

Generally, the applicability of the TTSP needs no verification.
However, due to morphological changes associated with changes in
temperature, load and duration of the test [21,22], poor correlations
Setween the deformation predicted by TfSP and experiment may occur.
Often, these deviations are minimized by shifting the deformation
versus log time curves vertically, in addition to the horizontal shifts
[23-26]. When the latter procedure is applied to the construction of
the master curve, the material is generally considered to be thermo-
rheologically compiex (TCM). The only verification of the applicability
of the TTSP to any particu]ar material is made by performing long-term

experiments.
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Time-Dependent Strength Prediction

The two previous sections of this chapter were devoted mainly to
the short- and long-term time-temperature behavior of unnotched
composite materials. To cocpletely characterize the time-temperature
stress-strain behavior of a material requires that a criterion be used
to define time-dependent failure or more specifically time-dependent
separation or rupture. Analytically, failure criterion or criteria
must be invoked if this aspect of the material behavior is to be con-
sidered.

To date, a large number of time-independent failure criteria for
anisotropic materials have been proposed [27] but to the author's
knowledge, no time-dependent anisotropic failure criteria have been
proposed. An alternative .would be to apply the correspondence |
principal [28] to the time independent criteria and derive its time-
dependent analogue. However, such a procedure would reguire the
mathematical functional representation of the time-dependent ﬁateria]
propgrties. A variety of empirical and numerical techniques for
acquiring the viscoelastic functions have béen proposed [29-30].
Depending on the material behavior and the degree of sophistication of

the mathematical representation, the failure criterion derived in this

manner may or may not be appropriate [31].
In addition to the camp]exities.discussed above, the results of

Grinman and Gol'dman [32] showed that the isothermal failure behavior
of isotropic high density polyethylene varies from a quasi-brittle (at

medium and high stress-levels) to a brittle (at low stress-levels)
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fracture. The implication is that the shape of the failure surface
varies with time, that is, from a criterion with dependent failure
modes (short-term) to a criterion with independent failure modes (long-
term). Consequently, Grinman and Gol'dman used two different criteria
to correlate their creep to rupture experimental results with analysis.
In addition, these authors assumed that the principal strengths are
functions of time and isochronal principal strengths are used for their
predictions.

In view of the limitations in using the correspondence principal
to derive tjme-dependent failure criterion and the failure mode varia-
tion with time. discussed above, the philosophy adopted here in pre-
dicting delayed creep failure is to utilize short-term test results to
predict long-term failure. The rationale and procedure used in the
predictions will be discussed in subsequent paragraphs.

Consider a creep to rupture test. Assuming that the time-
temperature variations of the principal creep compliance master curves
are identical to the variations of their respective principal strengths,

the following relation between strengths and compliances is postulated,

;hat is,
X(tsT) Syt

where &"“(t,T) s creep strength at T°C
Xm(taT,T') = creep strength at T'°C
m=1,2,6 (sunmation not implied)

and
T°C > T'°C
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It should be mentioned that the assumptions used, X . = X“nxt) and

the identical variation of the principal strengths and compliances, are
similar to those used in reference [32] and [33], respectively. The
implication of equation (26) is that if the principal compliances obey
the TTSP (that is, if master curves of the principal material
compliances can be obtained) then the time-dependent failure envelopes
will possess the same shape as the master curves. Perhaps more im-
portantly, equation (26) assumes jdentical shift factors for creep
strengths and compliances, respectively. The physical interpretation
of equation (26) is that if one principal creep stréngth is known, the
other principal creep strengths (within the time-temperature range of
fts respective compliance master curve) can be calculated.

Once the three principal strength master curves at a particular
temperature are known, the application of the three time-dependent
strengths to failure prediction of different plane states of stress
is performed by using jsochronal principal strengths in conjunction
with a time-independent failure criterion derived from a tensoral point
of view. Based on the brief but concise survey and ev#luation of time-
independent failure criteria in Appendix A, the criterion chosen here
js the one proposed by Puppo and Evensen [34]. Besides the advantages
&iscussed in Appendix A, the preference of this criterion over the
others is primarily based on convenience. That is, the variation of
the failure surface with time can be appropriately accounted for by the
jnteraction factor and its exponent. The criterion proposed by Puppo

and Evensen for a plane state of stress is expressed as
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where y = [x X and n is a material parameter. If isochronal
L2z

strengths are used then
X = *p(t)
Xpp * Xpo(t)

and
Xge = Xgg(t)

Again, the strengths in equations (27a) and (27b) are along the material
axes. For a prescribed plane state of stress due to creep loading, the
applied stresses are constant but the principal strengfhs are time-
dependent. As time progresses, the principal time-dependent strengths
decrease. Failure is said to occur when the sum of the terms on the
left hand side of equation (27a) or (27b) equals to unity.

Thus, from the Boltzman superposition integral expressed in equa-
tion (2), it is shown how one could utilize the TTSP and isochronal
strengths to predict the time-temperature behavior of a unidirectional j
composite laminate subjected to creep loading. The validity of the
assumptions made, can only be verified by experiments. Only one
composite system is chosen to verify the methodology described above.

It is felt that if the experimental results do indeed correlate with
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the analytical representation then the methodolog

other composite systems.

y can be extended to




I11. EXPERIMENTAL CGHNSIDERATIONS AND OBSERVATIONS

As mentioned earlier, graphite/epoxy composite laminates were
used in the experimental program. This particular composite system
was selected because of the stability of the graphite fibers under dif-
ferent thermal conditions, that is, they do ﬁot change morphologically
as is seen in some glass fibers. Egcept for the AS-3501 graphite/
epoxy laminates used in some of the tests in Appendices A and B, all
the experimeﬁtal results presented here were.obtained from 7300/934
graphité/epoxy laminates. The fiber volume ratio of all cured panels
were approximately 60% to 65%.

| Sincg only the time-terperature analogy is considered here, the
effects of the other three acceleratiﬁg factors (moisture, vibration
and §tress) were eliminated or minimized in the experiments as follows:

The first factor, moisture, was eliminated by heating the speci-
mens in an oven at 120°C for a few hours, weighing the specimens
individually and repeating the procedure until ihe weight of the speci-
mens stabilizes. Generally, theistabilization of'the specimen's weight
was observed after the second thermal cycle. These “"dry" specimens

were stored in a desiccator until tested.

The second factor, vibration, was avoided by performing relaxa- e
tion or creep tests. Due to testing requirements, creep testing was |
preferred because it was easier to maintain constant stress than
constant strain. Also, creep represents a stress state that results

in a catastrophic failure mode more often than relaxation.

19.




Finally, the third factor, stress, was minimized by operating
at stress-levels such that linear behavipr would occur. For
example, consider the plot of the éreep stress-level versus 15:-minute
creep strain of Figure 2. The initiatibn of the non-linear behavior
1ikely occurred at approximately the point where the stress-strain
plot begins to deviate from the straijht line passing through the
lower stress-level points. As expected, the ndn-linearity always
initiated at a higher stress-level as the 1sothermé1 ambient tempera-
ture was lowered. By operating at stress-levels much lower than the
non-linear initiation stress-level of the respective laﬁinate. the
material behavior could be assumed to be linear viscdelastic.

Another precautionary measure suggested by Shapery [26] was also
adopted in the investigation. That is, under mechanical creep loading,
if the initial jump in strain, €o was equivalent to that when the
specimen was unloaded the material behavior was assumed to be linear,
as illustrated in Figure 3.

To insure that meaningfuT data were acquired (that is, the creep
response measured wés primarily due to the specimen and not due to the
adhesive used to bond the end-tabs to the specimen or a combination
of both responses), the gripping of the specimen onto the testing
machine was not done with conventional wedge grips. Instead, a modified
version of the gripping system suggested by Chamis and Sinclair [35]
was used. The modification made here was the introduction of a pin
through the mid-section of each clamped section of the specimen. The
advantages gained from this gripping system were: The in-plane bending

of the tensile specimen, discussed by Pagano and Halpin [36], and
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slippage in the gripped sections were eliminated. It should be noted
that slippage may not create as large an error in the creep tests as
in relaxation tests but could still lead to a very severe consequence
if not considered.

In addition to the above considerations, specimens need to be
conditioned thermally and mechanically [37], prior to data acquisition.
This requirement is due to the fact that epoxy based composite
materials are normally cured at a temperature below their vitrifica-
tion temperature. Consequently, the properties of such materials may
vary if the material were cycled mechanically and/or thermally [38].
such behavior may be observed in some photoelastic material where the
stress-optic constants vary with thermal cycles. Based on these find-
ings, some of the laninates used here were thermally and mechanically
conditioned.

After five thermal cycles, both the mechanical and thermal
properties were essentially the same for the fifth cycle as the first.
Figure 4 shows the expansional behavior of the [90°]85 laminate for the
first three thermal cycles. Three distinct values of the coefficients
of thermal expansion in the 90° (transverse to the fibers) and a5°
directions were observed. The averaged thermal strains were measured
by two rectangular rosettes mounted on each side of the specimen and
in-situ temperature corpensated by two identical rosettes mounted on a
material (known as "Flat Glass® by Corning Glass of Blacksburg) with a
thermal coefficient of expansion of approximately 0.5 ue/°C. The tri-
linear thermal behavior of the material,occurred'in the three

temperature ranges indicated in Figure 4. Subsequently, two distinct
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glass transition temperatures were ascertained from this study; the
secondary glass transition temperature at 60°C and the primary glass
transition temperature at 180°C.

Upon completion of the thermal cycles, the specimens were
mechanically conditioned by subjécting the specimens to creep loads of
approximately 50% of the room-temperature ultimate load. After 15
minutes, the specimens were unloaded and allowed to recover to approxi-
mately zero strain. The process was repeated five times and the speci-
mens were further subjected to fifty low frequency cyclic loads. At the
end of the thermal and mechanical cycles, the properties of the speci-
mens were essentially the same as they were in the virgin state. This
tended to indicate that thermal and mechanical cycling were ynnecessary
for our material and that the specimens could be used repeatedly for at
Jeast the number of thermal and mechanical cycles mentioned.

After establishing the essential experimental procedure, 16-
minute uniaxjal creep tests followed by recovery to approximately zero
strain were perfonmed on the [0° ]Bs’ [10° ]85' [15° ]85 [30° ]85‘ [45°]85.
[60°]85 [7S°]8 and [90°]8 tensile specimens, at different isothermal
temperature levels. The reason for choosing a time of 16 minutes was
due to the experimental procedure adopted. That is, data were
acquired 1 minute after the initiation of the load and at 3-minute
intervals thereafter. A typical creep-recovery curve is as shown in
Figure 3. The [10°]85 laminate was used to obtain the time-dependent
intralamina shear stress-strain response as discussed in Appendix A.

Upon completion of the short-term tests, 25-hour continuous creep

tests were performed on the same specimens at 180°C. Complete recovery

R 2
!
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of these medium-term tests were not obtained because of the length of
time required by the recovery process. The purpose for this series
of tests was to validate the TTSP as discussed earlier. |

Finally, new specimens were used to ascertain the time frame of
the creep to rupture (delayed failure) tests. At least two specimens
of identical orientation but subjected to different stress-levels were
used. In all the creep to rupture tests, the ambient temperature was
maintained at 180°C. It should be mentioned that delayed failures were
not observed at all the prescribed stress-levels of the respective
laminates. The specimens that did not fail in 72 hours were replaced
by another jdentical specimen, subjected to higher stress-levels.

In all the creep tests, only the [0°]85 specimen displayed‘no
creep behavior. At elevated temperatures up to 210°C, the mechanical
properties were essentially the same as the room-temperature values.

In addition, the major Poisson's ratio (VIZ’ obtained from this laminate)
is found to be time-independent. This observation clearly substantiates
one of the earlier assumptions; that is, the fiber was fundamentally

e165tic.
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Iv. DATA REDUCTION

EXPERIMENTAL MASTER CURVE DETERMINATION

The dafa reduction of the short-term creep compliances was per-
formed by measuring the isochronal strains from 1 minute to 16 ‘ «ij
minutes at 3-minute increments and dividing the six measured strains o
by the applied stress at a particular temperature level. This procedure -
was repeated for a11 temperature levels. The complian;es were in turn
multiplied by the factor T/T0 where T is the absolute temperature at
which the test was performed and To = Tg = 453°K. The values obtained ;,
1h this manner are frequently referred to as reduced values and form
the basis of the TTSP as discussed in Chapter II. The primary glass
transition temperature was taken as the reference temperature mainly
for two reasons: First, this temperature is unigue for each polymeric L
material and, second, such a selection simplifies the task of verify- j
ing the Arrhenius and WLF equations discusseq in Chapter 11. By
plotting these reduced compliances versus loglo(time) and joining the
shifted isothermal reduced values by a smooth curve, segments of a R
long continuous curve can be visualized. Examples of such plots are |
shown in Figures 5 to 13, except that the reciprocal of the reduced

compliances are used instead of moduli. The purpose of this procedure

will be discussed in the next chapter.
By shifting horizontally the reduced curves obtained at tempera-
tures above the Tg to the right and the ones obtained at temperatures

below the Tg to the left, a smooth continuous master curve is obtained.

27
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The shift factors (aT(T)) are equivalent to the amount of horizontal
shift of the respective jsothermal reduced curves. Portions of the
respective master curves are shown in Figures 5 to 13. It should be
mentioned that this is a “trial and error" graphical smoothing pro-
cedure in which errors may arise. However, the principle yields
important information over a broad time scale as indicated by the
complete master curves of the three principal material properties shown
in Figures 14 to 16. In these figures, the time scale of material

response has been expanded to over twenty-six decades of time.

Master Curve Prediction

From an experimental and computational standpoint, the conven-
tional procedure used in obtaining master curves is a very tedious and
cumbersome one. This procedure, as it is, would have to be repeated
for every arbitrarily oriented laminate. Obviously, from the designer's
point of view and for economic reasons, this is a very serious draw-
back to the TTSP. Thus, a new technique, based on the principal
material master curves, is proposed to overcome the disadvantages in the
conventional master curve data reduction procedure and is discussed in
detail subsequently.

Consider the orthotropic transformation equation (Chapter I1)
that is,

2 2

5., (£) = 53(t) Coste + (sgq(t) + 25,(t)) Cos’e Sin%e

+ Spp(t) sinte (17)
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For the type of two-phase materials considered herein and from our
experimental observation on these materials as well as those of
others [37,39], the S]](t) and Slz(t) terms of equatinn (17) are found
to be time-independent. The isochronal values of these two terms,
tabulated in Table 1, do indicate time and temperature independence,
at least within the temperature range considered. Thus, equation (17)

can be further simplified as
s (t) =S Cos4e + (S..(t) + )Sinze Cosze +S (tSSin“e (28)
XX n 66 By 22

where time dependent terms are indicated by (t) and time independent
terms are not so jndicated. The difficulty in using equation (28) in
conjunction with the four masier curves is that reduced master curves
of the Sn and vi2 for a particular temperature would have no meaning.
Thus, the actual constant values of each have to be used. On the other
hand, the 566(t) and Szz(t) terms are reduced values. In short, equa-
tion (28) will not be composed of terms obtained by consistent pro-
* cedures if the actual values of S.n and S]Z and the reduced values of
Szz(t) and Sss(t) are substituted directly therein. Any computational
process performed using equation (28) would have to include a procedure
to make all the terms consistent with each other. The procedure adopted
was to use the actual values of all the terms in equation (28) as will
be described subsequently.

Before proceeding into the computational procedure, it would be
appropriate to discuss a few relevant and essential topics on the time-
temperature behavior of two-phase materials in general. Consider equa-

tion (22), that is,
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TABLE 1. VALUES OF THE RESPECTIVE 1-MINUTE COMPL IANCES.
Temperature Syy x 106 psi~] S12 x 106 psi-1 Sp1 x 106 psi
°c (x 108 wpa-1) (x 10% Mpa1) (x 10% Mpa-1)
22 0.0468 -0.0149 -0.0143
(0.0679) (-0.0216) (-0.0207)
100 0.0411 -0.0124 -0.0148
(0.0596) (-0.0180) (-0.0215)
180 0.0404 -0.0132 -0.0144
(0.0586) (-0.0191) (-0.0209)
200 0.0402 -0.0140 -0.0147
(0.0583) (-0.0203) (-0.0213)
210 0.0400 -0.0136 -0.0157

(0.0580) (-0.0197) (-0.0228)

F-;.é;;:z.;z:;,ggi,m
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T

1 0
Y = (22)
STtT) - TS,(6D

The physical interpretation of this relationship is that the time, t,
required to reach a particular response (reciprocal of compliance in
this case) at temperature, T, is equivalent to the time, t', required
to reach the same response at temperature, To. By integrating equation

(20), these two time parameters can be related by the shift factor as

ts= aTt'
or

Logyot = L0302y + Logy ot (29)

The main difficulty in applying equation (17) or (28) in conjunction
with thé TISP to two-phase composite systems with time-dependent rein-
forcements is in the utilization of the shift factors. That is, the
matrix énd the fibers may possess different shift factors. The
representation and/or interaction of the individual shift factor of
these components would require fdrther experimental and analytical
study. However, in two-phase systems containing elastic reinforcement,
Moehlenpah et al. showed that the shift factors are independent of the
fiber orientation. Our present study has verified that observation.
The subsequent computational procedure is based on this observation
and the equivalent response relation of equation (22).

Consider the case where a [e°]S laminate master curve reduced at
T;°C is required. Since the temperature dependence is represented by

the variation of the shift factor with temperature and the time

_.rv'_.,.
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dependence is represented by the master curves reduced at a particular

temperature, To' the physical values of the two time-dependent terms

(Szz(t) and Sﬁﬁ(t) of equation (28)) are obtained from the respective

curves and the required master curves produced in the following manner:

1.

For the particular jsothermal ambient temperature, T;°C,

a generic point on the 1/522(t) and 1/566(t) master curves
(reduced at T°°C) must be established first. This is
accomplished by determining the shift factor, say t, for
T;°C on the logwaT versus temperature, as indicated in
Figure 17a. Using this shift factor, the generic point, P,
on the llszz(t) and l/SGG(t) master curves are located, as
jndicated in Figures 17b and 17¢c, respgctively.

The two réduced time-dependent properties are obtained by
measuring the ordinates of the point P on the respective
curves.

Obtain the physical values of llszz(t) and l/SGs(t) by

using

1 T
SlETT T ST

where k = 2,6 (summation is not implied). It should be

mentioned that T = T; for the generic point and is equal to

T' for all subseguent time increments, as indicated in

step 8.
Substitute the values in step 3 and the other terms of the

orthotropic transformation equation into equation (28) and

compute the value of Sxx(t).
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5. Reduce the value of Sxx(t)' obtained in step 4, that is,

v . To
ST - TS, (D

6. The next value at t + at, say, of the time-dependent proper-
ties are obtained by using t + st to locate the 1/522(t + At)
and 11566(t + at) ordinates in Figures 17b and 17c,
respectively.

7. Use the t + at value to obtain the equivalent test tempera-
ture, T', from the temperature versus 'logwaT plot in Figure
17d.

8. Repeat steps 3 to 5 except use T = T’ (in steps 3 and 5) and
t=t+ At

9. Repeat steps 6 to 8 for every additional time increment.

By plott1ng the reduced 1/S (t) values obtained in the above
manner versus loglo(t1me), a curve representing the master curve of
the [6°]s reduced at T; is obtained. This procedure can be used to
generate any arbitrarily oriented unidirectional laminate reduced master
curve for any length of time within the time scale of the input data,
as well as any arbitrary ambient temperatures within the experimental
range of the principal property master curvés. The whole procedure
can be further simplified by fitting all the curves in Figure 17 with
a polynomial (known as POLYREG in the SSP library of the IBM 370/158
computer system) and used as input data for the computer program

written to perform the computations described.

R
3
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Strength Predictions

When predicting the delayed failure of a structure subjected to
(say) creep loading, there are essentlally two interrelated ways that
one can pose the problem. One way is to determine the time required
for the structure to fail uheh jt is subjected to a known stress-level.
An alternative is to determine the stress-level required to fail the
structure at a given time. Although the objectives of both well posed
problems are similar, the computational procedures are quite different.
Thus, depending on one's preference, the choice is solely determined
by the investigator. Both computational procedures and an alternative
procedure are dlscussed in the subsequent paragraphs.

Consider the case of determining the stress- -level required to
fajl a specimen at a particular ambient temperature, T, and a given
length of time, t. Sequentially, using the analysis described in
Chapter 11, the computations are performed as follows:

1. Using the known pfincipal strength of the respective laminates
(obtained from tests performed at T'), calculate the
respective isochronaI‘strengths expressed in equation (26).

2. Substitute these calculated isochronal strengths at T,
into equations (27a) and (27b). By expressing the prescribed
state of creep stress in terms of the local coordinates and
increasing the applied stress incrementally, the failure
stress-level is determined when the sum of the terms on the

left hand side of equations (27a) and (27b) equals to unity.
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One may have to perform some jterations (in terms of the applied
stresses) in step 2, in order to achieve unity. For uniaxially applied
stress, 0., the incremental procedure of step 2 can be avoided and oy
can be calculated directly as follows: Transform Oy to the local
coordinates,

%11 = % Cosze
%22
12

=o, Sine (30)

=0, Cose Sine

Now substitute equations (30) into equations (27a) and (27b) to obtain

the following equations,

1 . Cos’o 2 ill Cosze Sinze + Sinze12 Cos8 Sing 2 (31
L= 1 vl |2 ) T %) L Tes 31a)

o, X1 Xa2)l *11 J| *22 L
1., Y[Cosze 2 ) Y[XZZ ose] §iﬂzﬁ + sin%|? + §2§§_§iﬂﬁ}2 (31b)
of ™ Tl % | %2 ) (Te2) L Tes |

in which the terms are as previously defined. Thus, using these latter
equations one can determine directly the required uniaxial stress-level.
In the case when the stresses are known and the time-frame is
required, increments of time would have to be used rega}dless of the
types of in-plane applied stresses. Except for some modifications,
essentially the same procedure described in the previous paragraph can
be used for this prediction. That is, the isochronal strengths of
.step 1 is required. The main difference is in step 2 where the applied
stresses are constant. By taking time increments and substituting the

time-dependent strengths into equations (27a) and (27b), the required
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time frame is obtained when the sum of the terms on the left hand side
of the failure criterion equals to unity. Again, some jterations may
be required in the computétions.

The third procedure for determining either the time-frame or
stress-level is to compute creep strength master curves for the given
states of stress at a reference temperature using the procedure des-
cribed for the first case. The required quantity is obtained from the
time-dependent failure surface directly by measuring it from the plot
of the failure surface. The main disadvantage in the simultaneous
acquisition of both quantities is that different surfaces would be
required for different ambient temperatures. However, this procedure

is very convenient when 2 number of predictions at a particular ambient

temperature are required.

‘I
P
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i
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Y. RESULTS AND DISCUSSION

The master curves of all the laminates (except the [0°]8S
laminate) obtained from the short-term (16-minute) tests, are shown
in Figures 14 to 16 and Figures 18 to 23. The results in these figures
represent the peasured master curves obtained from short-term, 16-
minute tests, the predicted master curves obtained using the computa-
tional procedure described in the previous section and the results of
our 25-hour creep tests for each orientation indicated. In all these
figures, except Figure 16, a linear scale was used to represent the
magnitude of the reciprocal of axial compliance instead of the
logarithmic scale normally used in the master curves of single-phase
polymeric materials. This is primarily due to the small volume fraction
of the epoxy in the laminates which resulted in the relatively small
variations in creep compliances. A reason for using the reciprocal of
the reduced compliance in these figures rather than simply the reduced
compliance is essentially for future investigative purposes. That is,
a number of authors [1,37,39] had conjectured that for temperatures

below the Tg. one can assume the behavior of the material to be gquasi-

elastic, that is

ey o )
Eij(t) mijt

Normally, in single-phase,polymeric materials such an assumption is

jnvalid [41]. The only means of validating the quasi-elastic assump-

tion is to perform relaxation tests on the same material and compare

50
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the relaxation results with the reciprocal of reduced compiiance
results presented here. On the other hand, if this quasi-elastic
assumption is vaiid then its use would simplify the computation of the
responses of general laminates considerably. Primarily, however, we
preferred to have the vertical scale be comparable to moduli rather
thaﬁ compliance simply as a convenience for ourselves and for others.
As indicated earlier, the major Poisson's ratio (“12) was found
to be time-independent. However, the minor Poisson's ratio (v2], ob-
tained from the [90°]Bs uniaxial test) was time-dependent. This dif-
ference in behavior is due to the definition of Poisson's ratio. That

is, in the latter case it is defined as

V21 ‘Zﬂ:’g
xx

The experimental results of the [90°]85 laminate indicated that the
transverse strain, c’y(t). was time-independent and the axial strain,
cxx(t). was time-dependent. Thus, v,q Was found to be a time-dependent
quantity. Its master curve is shown in Figure 16. Similar results for
Vol of glass/epoxy laminate were reported by Beckwith [39]. However,
he attributed such a result to experimental scatter. Based on the
above explanation and the results here, perhaps Beckwith's conclusion'
was fncorrect.

Except for Figure 16, the continuous 25-hour tests correlated
well with the predicted master curves as shown in Figures 18 to 23.

Generally, reasonable agreement was obtained for all the three results

as indicated in Figures 14 to 23. The large deviations in the
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short-term [45°]BS and [75°]85 results (Figures 21 and 23, respective-
ly) may have been due to experimental and/qr the graphical procedure
used to construct the master curve from the short-term results. A
comparison of the I/Sxx(l-minute) results obtained from the transforma-
tion equation and experiment, Figure 24, inditates that for these two o
particular laminates déviations occur at elevated temperatures of about
180°C and above. The large deviations of the [45°]g and [75°]g
master curves tends to substantiate the earlier comment on the con-
ventional procedure used in constructing master cﬁrves from short-term
tests, that is, the graphical smoothfng procedure may create errors.
These deviations also imply that the master curve predictibn computa-
tional proceddre proposed here is not only 1ess error prone but is a
very cdst-effective technique for the accelerated characterization of
composite materials.
Another advantage of the master curve‘prediction procedure is

that master curves of of f-axis specimens reduced at any arbitrary
reference temperature can be produced at a relatively small cost of less
than a minute of computer time. For example, consider the master
curves generated for the [30°]85 laminate shown in Figure 25. These

master curves were generated for the three reference temperatures of

150°C, 180°C and 200°C with the aid of the shift factor versus

temperature plot.

The temperature dependence of the material studied here is shown
by the LogwaT versus temperature plot of Figure 26. The deviations
of the le(t) results, at temperature-levels less than the Tg, from

the other two principal properties results is primarily due to the
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relatively smll transverse strains produced by the uniaxially stressed
[90°]85 specinen. This behavior is always observed in these types of
two-phase materials. It should be mentioned that the V21(t) results
are not used in any of the predictions. The reasons for presenting
results for »ZI(t) are mainly to validate the elastic symmetry of the
material (Tatle 1, where 512(1 minute) = Sz](l minute)) and for
completeness sake.

AJso shown in Figure 26 is the correlation between the WLF equa-
tion and the experimental results. Good correlations were obtained
for temperatures ranging from slightly below the Tg to 210°C. The
values of the material constants used to obtain this correlation were
C, = 8.39 and c, = 52.97, as expressed in equation (25). Figure 27
indicates that logwaT as a function of 1/T is non-linear for tempera-
tures below the Tg. This tends to invalidate equation (24) which
assumes a linear function and, for this reason, equation (23) would
have to be used to determine apparent activation energies.

The effect of terperature on the strength of the material in-
' vestigated,here‘is shown in Figure 28. The experimental strengths of
the respective laminates were obtained by ramp loading the specimens to
failure at 0.050 inch/minute (0.127 cm/minute) head-rate and at the
two isothermal ambient tescperatures jndicated in the figure. This
test is sometimes assumed to be a very short-term creep to rupture test
[32]. The predictions were made using the failure theory of Puppo-
Evensen which was discussed earlier. Reasonable correlations were ob-

tained between experiments and predictions as shown. It should be
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mentioned that by using the value of 0.1 for the exponent of the
interaction factor of equations (27a) and (27b) in the 180°C tests,
a slightly betfer correlation was obtained as opposed to using the
value of unity. However, the value of 0.1, for the exponent of the
1ntéraction factor, gave a much better correlation with the delayed
failure test results.

The third data reduction procedure for predicting delayed‘
failures and a value of 0.1 for the exponent of the interaction factor
of equation (31) were used to produce the analytical results of the
respective'laminates shown in Figure 29, together with experimental
results. The open symbols represent the tests where delayed failures
were observed and the solid symbols represent tests where the speci-
mens did not fail. The solid lines represent the analytical results.
A1l the specimens were subjected to uniaxial tensile load. The three
orthogonal axes represent 9y1° %22° and time, respectively. The ramp-
loaded to failure results at 180°C are represented by the °117%22
plane at 100 minute and are assumed to be the very short-term creep to

. rupture tests. All the open symbols either coincide with their respective
strength master curves or are in the vicinity of jt. The solid symbols
are always below their respective strength master curves. In addition,
the variations of the failure surface with time are compared in this
figure. That is, the failure surface appears to "shrink" as the
duration of the tests increases.

A better representation of the experimental and predicted delayed
faflure results are tabulated in Table 2. In this table, for laminate

orientations equal to and less than 45°, reasonable correlations were
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TABLE 2. COMPARISON OF EXPERIMENTAL AND PREDICTED AXIAL
CREEP STRENGTH AT 180°C.

Duration. - Predictions
Laminate of Test Experimental Equation (3la) tguation (31b)

Orientation (minutes) x ksi (MPa) x ksi (MPa) - x ksi (MPa)

[15°] 29.5 14.286 - 20.072 14.97
s (98.502) (138.396) (103.225)

[30°]g, 4.8 9.146 18.648 7.811
(63.062) (128.578) (53.857)

[30°]g 586.0 7.317 22.664 5.513
(50.451) (156.268) (38.012)

[45°1g, 136.0 4.699 7.088 4.058
(32.400) (48.872) (27.980)

[45°15, 613.0 4.293 6.000 3.623
' (29.600) (41.370) (24.981)

[60°]g, 104.0 3.976 4.081 ' 3.114
(27.415) (28.139) (21.471)

[60°1g, 1230.0 3.1 3.400 ) 2.589
' (21.864) (23.443) (17.851)

[75°]g¢ 115.0 3.090. 3.088 2.632
(21.306) (21.292) (18.148)

[75°1g 2304.0 2.584 2.530 2.108

(17.817) (17.288)  (14.535) e




obtained when the second failure criterion, equation (31b), was used.
The first criterion, equation (31a), gave excellent correlations for
laminate orientations greater than 45°, This would imply that for the
material used here, the first criterion would be appropriate for

o > 45° and the second criterion js suitable for 45° > 8 > 0°.

Besides the good overall correlations between the predictions
and experiments on the delayed failures, Figure 29 clearly illustrates
the dependence of the creep strength master curves on the state of
stress. That is, for orientations between 0° and 90°, the location of
the creep strength master curve on the envelope is determined by the
principal stresses (the stresses along the local coordinates). These
principal stresses are dependent on the Jaminate orientations. Conse-
quently, one would have to produce creep strength master curves for
all the required orientations either fromvexperiments or other means.
From the designer’'s point of view, a rational and convenient methodology
should be available to predict delayed failﬁres. Based on the results
here, it is felt that the methodologyvproposed can be used confidently
and easily to generate either creep strength master curves of any
arbitrary-unidirectional laminate or time-dependent failure envelopes

at the required ambient temperature.

_ B
Finally, the embrittlement of the material due to the duration Pl

of the test is also clearly illustrated in Figure 29. Consider the
‘straight dashed lines connecting points A, B and A', B' as indicated
in Figure 29. For very short-term creep to rupture tests (1 minute),
the material failed in a ductile manner as indicated by the degree of

curvature of the surface with respect to line AB. Over a long term
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(104 minutes), the degree of curvature of the surface with respect to
line A'B' decreases. This would imply a more brittle failure at 104
minutes than 100 minute. This type behaviof js similar to the ones ob-
served for single phase material subjected to different biaxial

states of stress [32]. The implication is that methodologies currently

being used for unfilled polymeric materials can be extended to epoxy

based composite mterials.

[ W




DR

VI. CONCLUSIONS AND FUTURE CONSIDERATIONS

The present investigation has been concerned with the time-
temperature behavior of unidirectional graphite/epoxy laminates at
room and elevated temperatures while general laminates have been only
concerned with room temperature behavior. For elevated temperatures,
the investigation can be summarized as follows:
. The expansional behavior of the material, at temperatures
ranging from 22°C to 210°C, is tri-linear. Conseguentiy, a
two "knees" are observed to occur at 60°C and 180°C. The
first "knee" (at 60°C) is assumed to be the secondary Tg and
the other “knee" (at 180°C) is assumed to be the primary Tg.
. The viscoelastic linearity check indicated the material
behavior to be linear at low stress levels and non-linear at
higher stress-levels. Our material was, therefore, thermo-
rheologically complex but a thermorheologically simple
behavior was assumed due to the low stress-levels applied.
. Thermal and mechanical conditioning of the material uséd
here was found to be unnecessary.

. Among the four principal material properties, two (511 and

v12) were found to be time-independent and the others (Szz(t)
and 555(t)) were found to be time-dependent.
. Master curves of the of f-axis specimens were obtained by i

using the TTSP.
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. Using the four principal material properties and TTSP, master
curves of off-axis specimens were produced from the computa-
tional scheme proposed herein.

. The predicted master curves generally agreed better with the
25-hour continuous test than the ones obtained from the short-
term tests.

- Delayed failures were observed for all the of f-axis specimens.

. A computational scheme for producing master creep strength
curves of any arbitrarily orientated unidirectional laminates
at any reference temperature was proposed.

. Reasonable to good correlations were obtained from the experi-
mental and prédicted creep to rupture results.

. The master creep strength curves were dependent on the state
of stress.

- Depending on the duration of the creep to rupture tests, the
material failure mode varied from ductile (1 minute) to quasi-
brittle (10“ minutes). Both experimental and analytical
results substantiated the embrittlement behavior.

Unnotched and notched qgasi-elastic jnvestigations had been
reborted and presented in the appendices including a summary and con-
clusion and will not be repeated here.

On the whole, the agreement between analyses and experiments were
satisfactory. The methodology outlined here was essentialiy intended
to be used for the accelerated characterization of epoxy based con-
tinuous and elastic fiber reinforced composite materials. This new

methodology is only the preliminary portion of an investigation of a
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major effort undertaken for the purpose of evaluating the possibility
of forecasting the effects of the four accelerators (vibration, stress,
moisture and temperature) on fhe time-dependent behavior of epoxy based
composite materials. However, bgfore the larger issue can be
addressed, additional verifications and/or modifications on the
present time-temperature methodology are required. Namely,

1) The master curves presented herein were all reduced at 180°C.
Longer term continuous testing at 180°C and a few other lower
jsothermal ambient temperatures should be perfdnned. The
results of these additional tests will not only validate the
predictions of the proposed master curve computational pro-
cedure but also the applicability of TTSP.

2) More delayed failure tests should be performed at lower
ambient temperatures and for longer time periods. The results
of such tests would be useful to further validate the delayed
failure prediction methodoloyy.

3) Relaxation tests should be done, in order to determine whether
the quasi-elastic assumption

1 -
£ Sy

js valid at temperatures below the Tg. In addition, these

tests can be used to determine the interrelationship between
the creep compliance and re]axatidn moduli [42) if different
than given in the above equation. Such a relationship would
in turn be needed to determine the creep-relaxation behavior

of cured general laminates.
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4) Develop an jncremental time-temperature computational method
(similar to the one in Appendix A) to determine the behavior
of genefa] laminates. The methodology developed should con-
sider creep and relaxation responses and should be verified
experimentally along the lines of the first two recommenda-
tions.

5) Explore the possibilities of a more effective time-temperature

failure criterion.

The above items, when completed, woﬁld subsequently lead to 2
stress-dependent TTSP. Before attempting to use such a joint
methodology (referred to as the time-stress-temperature superposition
(TsTS) [11]), the time-stress superposition principle (TSSP) should be

_yerified. At present there are at least two approaches [8,26] on the
TSSP. These approaches should be reviewed and experimentally verified
to determine their feasibility. The methodoiogy developed from this
study should be incorporated into the TTSP Snd the resulting methodology,
TSTS, should be verified experimentally using the rationale and proce-
dure described in the manuscript. Subsequently, the constitutive
equations used in the T5TS methodology can be used in the analysis of
the notched behavior of composites subjected to different stress and/or
temperature levels.

Finally, the confidence and experiénce gained from the TSTS
methodology would enable one to incorporate the other two time analogies
(time-vibration and time-moisture) into the multi-parametric predictions.
Again, 2 symbiosis between analysis and experiment must exist if the

resulting methodology is to be meaningful.
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APPENDIX A
STRESS-STRAIN BEHAVIOR AT ROOM TEMPERATURE

The purpose of this section is to present an analytical tech-
nique for determining the non-linear stress-strain response to failure
of symmetric general laminates subjected to in-plane loads using the
}amina non-linear stress-strain response to failure properties. In
this technique, the constitutive relafions and concepts of laminated
plate theorf [43,44] are employed in an incremental manner to predict
the behavior of general laminates under monotonic loading. As such,
lamina-wise stress calculations can be performed and sub-critical
faflures can be predicted. For the sake of brevity, only pertinent
discussion and results will be presented here as rore extensive docu-
mentation can be obtained in references 45 to 47.' In addition, an
excellent survey and discussion on the types of analytical techniques

proposed to date has been given by Rowlands [48].

Method of Analysis
A non-linear stre;s-strain curve can be- approximated quite well
by a series of {inear increments provided that sufficiently snall
increments are taken. Assuming that an increment of stress is pro-
portional to an increment of strain, the constitutive relations for a
lamina under generalized plane stress for a given increment can be

expressed as,

do; = Cij(oi) dcj (i, = 1,2,6)




that is,

doj) ey Gz e |9
dogt = |G C22 Cog| 192
dog) G Cg2 Ceel 9%
or simply, :
(do) = [C] (de} (A-1) |
where d°1’ dcj are the stress and strain increments respectively, and
the stiffness, cij’ is a function of oy In the case of a general
Jaminate, the incremental constitutive relations for the kth lamina
are written as
(do*) = [c*1 (dcM) (A-2)

The implication of equation (A-2) is that the applied stress and
material axes coincide. Generally, this is not the case. However, the
two coordinate systems can be related by a transformation mafrix ,2],

[Tk], that is,

(dk1 = [1%] (4% (A-3)
and,
(4cXy = [T () C(a-8) |

where d;k and dEk are the stress and strain increments in the kth

lamina with respect to the load or global axes. Substituting equations

(A-3) and (A-4) into (A-2) yields,

"5y = €% (65 (A-5)
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where,

(e = %77 1c*1 1)

Assuming that the stresses are uniform through the thickness of the

jamina, the resultant force increment, {dN}, with respect to the global

coordinates is given by,

k=L
@ = tk{d?:'k} (A-6)

where tk is the thickness of the kth lamina and L is the total number
of laminae in the laminate. Combining equations (A-5) and (A-6), the

resultant force increment becomes
k=L '
(o = 1 t, [E¥1ede™) (A-7)

By furthef assuming that the incremental strains are the same in all

laminae, that is,

(d*) = (de®} (A-8)
and equation (A-7) reduces to,

(@ = [AJG®Y (A-9)
where ol
() = 1 t,[T°]
k=1

Equation (A-9) can also be expressed as,
(de°) = [AY 1 (aN} (A-10)

In equation (A-10), [A]'] represents the average laminate compliance

during the (n+l)th load increment. However, these properties are not




known when the (n+1)th load increment is applied. Consequently, the
principal elastic properties at the end of the n 1oad increment are
used to compute the laminate compliance for the (n+1) load increzent.
Sequentially, knowing the (n+1)t load increment and the laminate
compliance at the end of the n th load increment, the laminate strain
increment {de°} and each lamina strain increment (de } and stress incre-
ment (dEk} can be calculated by using equations (A-10), (A-8) and (A-2),
respectively. These laminae stress and strain increments are added to
the stresses and strains at the end of the nth load increment to obtain
the current stresses and strains in each of the laminae.

The incremental loading procedure described above is continued
until a lamina rgaches a state of stress when it can no longer sustain
additional load. Analytically, this state of stress is determined by
a failure criterion. Numerous failure criterion are available [27]
for predicting the strength of composite materials and these criteria
can be classified as either having independent or dependent failure
modes. The maximum stress or strain criteria are the ones with
independent failure modes. The criteria proposed by Ashkenazi [49],
Hi11 [50] and -Puppo and Evensen [34] are examples of failure criteria
with dependent failure modes. Between the two classes, experimental
results [51] tend to confirm that the criteria with dependent failure
modes are more appropriate for composite materials.

The assumptions made in Ashkenazi's criterion are that the
material is a macroscopic continuum, the strength properties are.

fourth order tensors and environmental effects are neglected. His

Y e ENERR L,
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criterion for a plane orthotropic material under uniaxial load is,

-:-; . C—'i-i"(-‘—e- + {—4—- -1 ‘7} CosZe Sinle + §-‘-§£—°— (A-11}
where oy is the applied axial stress, 8 is the angle between o, and
the direction of the applied load and X, Y and X45 are the tensile
strengths along, transverse and at 45° to the fibers, respectively.
while equation (A-11) is written for uniaxial loading only, other
states or stress were considefed by Ashkenazi.

Using assumptions similar to Ashkenazi, Hill developed an aniso-
tropic yield criterion which can be modified into a failure criterion

for an orthotropic material under a genefalized state of plane stress.

It can be expressed as,

"1.2 °22 %1% ’122
v I [‘v—] o [T =1 (A-12)

where the stresses 0y, 09 and M2 are along the material axes, S is the
intralamina shear strength and X and Y are as defined for equation
(A-11).

Finally, a more general failure criterion proposed by Puppo and

Evensen can be expressed as

ot
o R -
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2 .
where y = Ex js an interaction factor and the other quantities are as

XY
previously defined. Further, the authors jndicated that their theory
could be adaoted to 3 wide range of materials by writing the inter-

rall
action factor as v = [—i%—] where the exponent, n, is a material

parameter.

so far, the discussion has been related to the determination of
the states of stress in a lamina and the subsequent failure resulting
therefrom. The most difficult and fundamental question to answer in
such investigations is how to represent failed laminae mathematically
when some laminae in the laminate are still intact or have not reached
their critical stress state. An easy analytical technique is to
mathematically renove failed laminae from the laminate by zeroing the
thicknesses and stiffnesses of the failed laminae. However, this pro-
cedure leads to conservative or ultra-conservative strength predictions
depending on the laminate lay-up. An alternative is to uncouple the
constitutive equmation of the failed laminae from the laminate stiff-
ness or compliarce calculations. This can be done by assigning zero
stiffnesses to the three off-diagonal terms of the [Ek] matrix in
equation (A-5) and the appropriate diagonal term when its ultimate

strain is reached or exceeded.

Results and Discussion
Using the incremental procedure previously explained, the total
stress-strain response of general laminates subjected to uniaxial Joad-
ing are generated. The results obtained are shown in Figures A-1 to

A-3. Figure A-1 shows the analytical and experimental results for the
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[0“/:30°/0°]2$ laminate. Excellent correlation is seen up to about

50 ksi (344.8 MPa). At this stress level, failure of the +30° laminae
is predicted and is jndicated by the steeper slope of the experimental
: stress-strain curve. After this sub-critical failure stress level, the
analysis predicted higher stresses than experiment. This is probably
due to the omission of interlamina stresses. Reasonable correlation
between analysis and experiment js observed in the case of the
[45‘[15°I7S°/45°]Zs laminate, Figure A-2. Excellent correlation is
seen in the case of the [90°/:60°/90°], laminate, Figure A-3.

A comparison of the normalized laminate failure strengths, as
predicted by the three failure criteria used in the analysis, are as
shown in Table A-1. Among the three failure criteria used, Ashkenazi’s
appears to be the best. It should be noted that the exponent of the
Jable A-1. Predicted Failure Strength, Normalized with Respect to

the Experimental Strength.

M

Laminate
Orientation Ashkenazi Hil Puppo-Evensen
[0°/230°/0°],, | 0.97 0.965 0.968
[45‘[15‘/75°/45°]Zs 1.002 . 1.168 1.054
[90'/:60'/90"]Zs 0.827 0.786 0.864

interaction factor in equation (A-13) was taken as unfty. By adjusting
this exponent, for the laminates investigated, identical analytical and
experimental strengths can be obtained. Unfortunately, the exponent

was not constant even though the specimens were obtained from a single

e .

|
!
i
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large panel. fNevertheless, the Puppo-Evensen criteria appear to be
the most promising as it can be used for multi-axial loading, allows
for material variations throﬁgh the interaction factor and can be used
without a lamina-wise analysis as shown here.

On the whole, good stress-strain response was obtained from the

non-1inear 1ﬁcremental analysis proposed here.

Application of Analysis
Besides the total stress-strain prediction capability, the incre-

mental procedure described here can be used to validate test methods

such as intralamina shear response determination. Presently, a variety

of test methods has been proposed [52] to obtain this in-plane shear
stress-strain response. Because among the four principal material
properties required in the two-dimensional analysis, the most difficult
experimental quantity to obtain is the intralamina shear stress-strain
response. This difficulty is best clarified by Figure A-4, where
variations in the response of five different test methods are observed.
In this figure, the 10-deg off-axis ﬁest method of Daniel [53] and
Chamis et al [35] and the calculated [15]85 results appear to correlate.
In the case of the [145°]4S tensile test, the methods of Petit [54] and
Rosen [55] tend to agree. The results obtained from the [0°/90°]4S
symmetric rail-shear method of Sims [51] indicates the most ductility.
Thus, depending on the test method usgd. the intralamina shear stress-
strain response may vary from a brittle to ductile nature.

7o validate the various test methods, an easy method is to com-

pare the actual jnitial axial modulus of the off-axis tensile tests

Ceg
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with the orthotropic transformation equation which can be expressed

as’
4 2v . 4
1 _Cos e, 12 2. e:.2 Sin'8
T T_- oy E— Cos“8 Sin"6 + p— (A-14)
X 1 { 12 1 ‘ 22

The quantities used in equation (A-14) are as previously defined. By
substituting the initial 6, value from the [15‘]8S off-axis calculated
results and the initial 612 value by Rosen's [t45°]s method into egua-
tion (A-14), an analyfical and experimental comparison can be made as
shown in Figure A-5. In this figure, excellent correlation is seen
between experiment and analysis when the [15°]8S results are used. It
must be noted that the reason for the choice of these two methods
among the five methods is that the responses of the two chosen methods
appear to be the average upper and lower bounds.

To further validate the effect of the two lamina shear responses
on laminate behavior, the total response curves obtained from the two
me thods ([15°]8s calculated and Rosen's [:45°]s method) are used in the
jncremental analysis, previously described, with the other three
parameters (E]]. E22 and “12) kept constant to predict the tensile
behavior of general laminates. The analytical results obtained from
the two shear results are compared to the experimental tensile test
results as shown in Figures A-6 to A-8. In the case of the [0°/90°]4s,
[0‘/:45’/0‘]25. and [90°/:60°/90°]ZS laminates. Figures A-6 to A-7,
little difference‘between the analytical results were observed.
Apparently in these cases, jntralaminar shear response does not play

an izportant role as in the case of the [45°/0°/90°/-45°]25, [30°]85
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and [60“]85 laminates shown in Figures A-7 to A-8, where good correla-
tions are obtained from the [15°]85 calculated results.

The main conclusion drawn from these results is that the off-axis
test is the better method for the determination of the shear response
of unidirectional laminates. On the other hand, the [:45’]s tensile
and [0°/90°]s rail shear metacds seem to include interlaznina effects.
Thus, it appears that the appropriate test method would depend primarily
upon what is sought. For example, if the effect of a variable, say
environment (temperature and humidity), on the shear properties within
a lamina are to be determined, the off-axis test would be appropriate.
If, on the other hand, the effect of the same variables on laminate
shear response, including intralamina and interlamina effects, the
[:45’]s tension or the [0°/90°]S rail shear test would be the

appropriate test.

oy Shepye, L VA




APPENDIX B
A SYNOPSIS OF FRACTURE BEHAVIOR OF NOTCHED COMPOSITES
AT ROOM TEMPERATURE

In this appendix, a brief perspective of some of tﬁe proposed
analytical models‘for the fracture behavior of notched composites is
presented. This is followed by the analytical methodology used for the

macroscopic fracture behavior of composites, experimental considerations,

'and an evaluation of the available fracture models with available

experimental data. The application of these concepts are used to
discuss possible future time-temperature investigations on notched
composites. Only pertinent discussion and results are presented here

as more extensive documentation can be obtained in rgferences 57 to 60.

Fracture Models

The fracture behavior of composite materials has been studied
using mainly three aspects: Linear elastic fracture mechanics (LE?H)
on a microscopic scale with the material being heterogeneous and
anisotropic; LEFM on a macroscopic scale with the material being |
homogeneous and anisotropic; and the material modelling approach using
approxinate models to represent the major effects of heterogeneity and
anisotropy.

Chronologically, the fracture behavior of notched compdsites
was analyzed from the micromechanical viewpoint [61-64] first and later
was examined from the macromechanical viewpoint [65-74]. The primary

limitations of the micro and macro approaches are: The former, due to
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its sisplicity, is not feasible when multi-axial loading is considered
and in the latter, the non-self-similar crack propagation (which exists
for certain laminate lay-ups) is not considered. Since the mathe-
matical theory of LEFM assumes self-similar crack propagation, the
latter approach will not be applicable when this assumpfion is.violated.
To overcome these limitations, the "Materials Science" model [75,76]
and the "Local Heterogeneous Region" (LHR) model [77] were proposed.
bThe advantages gained in these material modelling mefhods are that the
structural response and various failhfe modes and mechanisms can be
jncorporated and predicted regardless of the boundary loadings. Conse-
quently, the number of parameters reﬁuired by the models increases 3s

its analytical capabilities increase.

Analytical Methodology
The mode 1 critical stress intensity factor, KiC. for an infinite

isotropic plate containing a crack is expressed as

and the modified KIC using an Irwin type plasticity correction factor is

expressed as

KIC = och(a + ao$ | (B-2)

where o js the critical remote stress normal to the crack, 2a (Figure
B-1) is the total crack length, and 3, is the characteristic length or
jnherent flaw length as denoted by Waddoups et al. [65]. These authors
assumed that an unnotched laminate is equivalent to a notched 1aminate

~ with a notch length of 2a,. That is, for the unnotched laminate

L
PR 1
)
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Figure B-1. Mode I Loading of a Center Cracked Infinite Plate.
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KIC = ooiﬂao (8-3)

where o is the ultimate strength of the unnotched laminate. By per-
forming two tests, one on an unnotched laminate and the other on a
notched laminate, the two parameters a, and % are determined. Using
equations (B-2) and (B-3), the critical remote stress, o., for the
" game laminate containing another flaw size, 2b, is related to % and

a, as [65]

c +a

0 0
— (8-4)
% 3

Using a similar procedure as Waddoups et al. but with a different
rationale, Whitney and Nuismer [70,71] use the exact anisotropic
center cracked solution of Lekhnitskii [78] to derive two failure
criteria for center notched specimens. The normal stress distribution
for an infinite plate, Figure B-1, containing a crack and subjected to
uniaxial tension o is

9 KIx

oy (00 = T3 " Tt - -2

where K, from LEFM is expressed as K; = o/ma. The first failure
criterion of ﬁhitney and Nuismer, known as the point stress criterion,
states that failure of a notched laminate will occur when the local
stress oy(a].o) at a certain distance, a;, from the implanted notch tip
reaches the strength of the unnotched laminate, O Using equation

(B-5) and the definition of the point stress criterion, results in

O T
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-G-E .
= * N - £2 (8-6)

where

" The second failure criterion, known as the average stress criterion,

stated that failure will occur when the average stress °y(do'°)’ over
a distance do from the notch tip reaches the strength of the unnotched
laminate, o. Substituting equation (B-5) into tne definition of the

average stress criterion gives

Oc . - 51 (8.7)
% T+
where
£y = —
1 a+ 30

The parameters o, 2y, and d0 are found experimentally using the same
two required tests as in the Waddoups et al.'s method. As discussed by
Tsai and Hahn [79], the characteristic lengths dg and a, are related by

a factor of two, that is, do = 2ao.

As shown in reference [70], the fracture toughness according to

the point stress criterion is given by

KO =0, (1 - £2) | (8-8)

whereas for the average stress criterion the fracture toughness is

kg * o /Ml - £ 17T + &) (8-9)
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The analysis discussed so far is for an infinite plate while for
economic reasons and experimental copveniencg finite width plates are
used. In order to correlate the two types of results, the experimental
data is corrected to the analytical results by applying appropriate
finite width correction factors. The usual procedure is to determine

the infinite plate notched strength from the equation
o = E(a/M)o | (8-10)
c c

where o js the infinite plate notched strength, ccf is the notched
strength of a finite width specimen, and F(a/W) is the finite width

correction factor. The value of F(élw) is determined from the equation

for isotropic materials [80].

F(a/W) = /(W/na) tan(na/W) (8-11)

where W is the width of the finite plate.

The analytical methodology mentioned to this point depends very
strongly on the jsotropic treatment of the analysis as seen in the cor-
relation of the finite width experimental data with the infinite plate
analytical solution, or vice versa. However, the difference between the
correction factor for jsotropic and anisotropic materials is of the
order of 10%, as shown by Cruse and Osias [81] and Konish [82]. Thus,
as a matter of convenience, the isotropic correction factor is used.

To avoid the assumption of an isotropic factor, Snyder and Cruse
[74,83] developed a boundary-integral equation (BIE) method to calculate
finite width effects and stress intensity factors for modes I and II,

for various geometries and in-plane loadings. In this approach the
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material is modelled as a homogeneous, linearly elastic, anisotropic
continuua using the assumptions of lamination theory. The BIE method is
based upon an appropriate fundamental solution to the field equations
of elasticity. The fundamental solution is used to derive a set of
jntegral equations relating boundary values of displacerent and traction
corresponding to 3 well-posed boundary value problen. The boundary
integral equations are solved using approximate techniques, €.g9.,
modeling the boundary by constant-displacement, constant-traction
segments.

The boundary integral equations relate boundary values of traction
and displacement on that portion of the boundary excluding the crack
boundary, thus avoiding the problem of modeling the érack boundary.

An additional advantage of the method is that it provides a direct means
for obtaining both of the stress intensity factors KI ard KII' i.e.,
equations are derived for obtaining KI and KII directly from the
boundary solution. Thus, the boundary solution may be computed using
other nuperical methods, such as the finite element metnod.

As developed by Snyder and Cruse, the basic equation of the BIE

pethod may be written as
V2 + [ uy(Q) Ty (P.QS(Q) - [ 4@ ye00@ @12

In equation (B-12), ui(Q) and ti(Q) refer to, respectively, displacesents
~ and tractions at boundary points Q, not including the crack boundary.
The BIE method uses special kernels, T;i(P.Q) and U;i(P,O), for

Tji(P.Q) and uji(P'Q) in equation (B-12) to mathematically model a

traction-free straight crack of length 2a. Since T;i and ti are
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jdentically zero on the crack surface, the crack need not be modelled.

The expression for determining mode I and mode II stress intensity
factors is an integral of boundary displacements and boundary tractions
on an arbitrary path in the body, and is given by

o = | R @y @ast) [y e @) *
* s /s

The kernels Ri and L, are complex variable functions which include
crack size and location, as well as material properties. As discussed
in reference [84], while the derivation of equation (8412) leads to the
definftion of equation (B-13), equation (B-13) may use boundary data
taken from any numerical model of the cracked geometry. The only input
information needed in the technique is geometry, material properties,

and grid sizes and spacings.

Experimental Considerations
In order to determine the versatility of the three two-parameter
models and the one one-parameter model described in the previous section,
a series of center notched specimens containing narrow slits with 3
variations in aspect.ratio (2a/w, where w is the total width of the
~ specimen) and/or anisotropy were tested. In the second series of tests,

the aspect ratio variations were the same as the first, but the flaw

geometry was changed to that of a hole or square slot rather than a
slit. The objective of the second series was to ascertain the types of
fracture, if more than one existed and the fracture strength variation
when the height of the slit was increased. In these series of tests,

experimental methodologies such as crack opening displacement (coo)
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gages, two types of photoelastic coatings and photographic recording
of crack propagation were employed. In addition, in-situ and post
microscopic observation of the crack growth and similar observations
of the free surfaces of the specimens were made.

In the third series of tests, the implanted flaw geometries and/
or location, material anisotropy and aspect ratios were again varied.
The notch geometries and/or locations chosen were the single-edged
notch (SEM), double-edged notch (DEN) and centrally located circular
holes. The reasons for this series of tests were to compare the .
fracture toughnesses of the SEN and DEN specimens using the BIE method
and the experimental fracture strengths of the specimens containing

holes with the predictions of the three two-parameter models.

Results and Discussion
COD Measurements

Typical load-COD traces for all the laminates in the first series
of tests are as shown in Figure B-2. The measurements were taken from
_the relative motion of the center of the opposite faces of the notch
in the direction of the remote tensile load. Similar traces were also
obtained from the second series of tests (slots). Generally, as indi-
cated in Figure B-2, the [0°/:45°/0°]Zs laminates exhibited nearly
linear response while the [0°]8s and [t45°]4s laminates were highly
non-linear. In most cases, the displacements of the two latter lami-
nates exceeded the range of the COD gage.

Gaggar ind Broutman [86] attributed such non-linear behavior

and discontinuities in load-COD measurements to deformations and
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extensions of the notch tips. Assuming self-similar crack propagation,
those authors suggested a compliance matching procedure, which is
§1lustrated in Figure B-2, to quantify the amount of actual or apparent
crack extension at any arbitrary load level. Using this procedure,

. the compliances of the slots were always higher than their slit
counterparts. The more flexible nature of the slots was expected as

there was less constraint than in the case of the slits.

Fracture Strengths

The varfation of the average value of the critical gross stresses
with aspect ratios for the first and second series of tests (i.e.,
slits and slots) are as shown in Figure B-3. Although the trends of
the critical gross stresses were similar, the slots always fractured
at a higher stress level than the slits irrespective of the aspect
ratio or laminate orientation. This was probably due to the more
flexible nature of the slots as determined by the COD measurements.

In the case of the [:45°]4s laminate, the specimens containing
circular holes fractured at about the same or slightly lower stress
levels than the ones containing narrow slits for all aspect ratios as
shouﬁ in Figure B-3. Examination of the photoelastic fringes of
Figures B-4a and B-4c tended to indicate that the size of the region
of the intense stress gradient.was larger for the hole than for the
slit at about the same remote stress level. This would imply that
the holes were more critical than the slits for the [:45°]4S laminate.

It should be noted that the trends of the variation of the

critical remote stresses with aspect ratio were the same for all
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a) 13.10 ksf
(90.29 MPa)

¢) 13.22 ksi
(91.16 MPa)

e) 16.39 ksi
(113.00 MPa)

Figure B-4. Isochromatics of [:45°]4
(a-d) and Continuous (e,

b) Fracture

d) Fracture

f) Fracture

Laminate with Perforated
3) Coatings !23/w = 0.45).
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cutouts as shown in Figure B-3. This observation tends to
substantiate the “Materials Science" model for fracture which assumes
that flaw geometry does not have a major influence on the Jaminate
fracture strength and the strength is more closeiy related to the size
and shape of the damage zone surrounding the flaw tip.
Finally, the critical remote stresses of the specimens contain-

ing SEN, DEN and holes with aspect ratio are shown in Figures B-5,

B-6 and B-7, respectively. Except for the [0°]85 laminate, the trends
of the variation of the fracture strengths with aspect ratios in
every case were similar to the ones observed for isotropic materials.
_The deviations of the [0°]85 laminate from these trends were likely
due to the axial crack propagation which propagated into the gripped

sections of the specimen prior to transverse failure.

Birefringent Coatings

Typical res§1ts obtained for each laminate orientation using both
continuous and perforated coatings are shown in Figures B-4c and B-de.
That is, the fringe density was less in the case of the continuous
coatings but the shapes of the patterns were similar.

Figure B-8 shows the types of stress fields and fracture planes
obtained for specimens containing center slits. In the case of the
[0‘]8s and [0°/90°]45 specimens, although both laminates could be con-
sidered to be orthotropic and the intense shear stress regions were
in the axial direction (see Figure B-8a and B-8b), the final fracture
planes were different. Non-self-similar crack propagation was

observed for the [0°]8S laminates and self-similar crack propagation

{»,;.‘;.:u:},g,'-,&g‘.-.n:,,: =
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Figure B-7. Circular Hole Gross Fracture Stresses for AS-3501
Graphite/Epoxy Laminates.
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was observed for the [0°/90°]4s laminates. The intense shear stress
regions for the [:45"]4S laminates were adjacent to the notch tips

and were in the 45° directions. Generally, the pattern was more
dense in the +45° direction than the -45° direction. Since the outer
laminae were in the +45° direction, this observation merely indicates
that the inner -45° laminae were constrained by the outer Jaminae
(#45° direction) to produce this effect. The fringe pattern was
similar to the ones observed in isotropic materials in the case of the
[0°]245°/0°]2s laminate; i.e., butterfly.wing shaped patterns,

Figure B-8d.

No attempts were made to quantify the birefringence results as
the mismatch between the properties of‘the coating and the underlying
material (Poisson's ratio and moduli) as well as anisotropy of the
laminate made proper fringe interpretation difficult [éG]. Fufthér,
the properties of the material were not constant and changed with
stress level. Similar results have been reported by others [e].
Perhaps more importantly, the uncertainties relative to the nature and
strength of the singular stress field for the slits and slots further
cospounded our fringe interpretation difficu]tiés. That is, the
pature of the singularity of the laminate was likely quite different

than the nature of the singularity in either the continuous or perfo-

rated coating.

In-Situ and Post Failure Examinations
Stable crack growth was often observed during most of the tests.

In all cases stable crack growth occurred by matrix fracture. In the

[
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case of the [0°]Bs laminates, stable axial crack growth always occurred
at the notch tip and proceeded to the gripped sections of the specimen.
Catastrophic transverse failure would occur only upon completion of

the axial crack propagation.

The most interesting situations of stable crack growth was ob-
served in the DEN [90°/:60°/90°]2S tests. A typical example of crack
propagation for this notch geometry is shown in Figure B-9. Initially,
the self-similar crack would originate at the notch tips and propaga-
tion would continue as the remote load was increased. At higher stress
levels, micro-cracking was observed away from the plane of the
implanted notch. Finally, separation of the specimen occurred at the
region where the cross-sectional was minimum.

Post failure microscopic examination of all the unnotched and
notched specimens of the first and'second test series revealed a large
number of micro-cracks on all the free edges. In the notched cases,
microscopic examination clearly indiéated more pronounced micro-cracks
on the free surfaces of the implanted notch as opposed to the specimen
boundary free surfaces.

A qualitative comparison of the boundary free edges for unnotched
and notched spécimen within each general laminate lay-up showed more
pronounced cracks in the notched case than in the unnotched case. This
was true even though the remote stress levels of the unnotched speci-
pens were the higher of the two situations. This, perhaps, indicated
that the notches had an adverse affect on the stress state at the

specimen free edge.

freomionmidnnis
PR




N

o0
Caad
Cad

. 6 3004 JO JUIIND IFVDLPU} SMOULY)
ﬂge%gézzgsésgg.ztﬁu

-uaw}2ads N30 Ax0d3/a3jydes9 10GE-SY S2[,06/

e
L e
'

fen




o
o~
—

(*aueid ydo30u Y3 MO|AQ put aA0OQe SYORJD

LeuOo}31PP® 310N ‘YIMoub %9043 JO qUIIX3 3JVIJPU} SMOULUY) *udw}dads
wmoom\ocw«\ocou d0j Ymoug }oe4) 91q3s “*(°3u0d) 6-8 ounbi4

N3Q Ax0d3/@3jydeag 10GE-SY




Posttenb gy
; ;

121

Characteristic Lengths

In order to obtain favorable correlations between the two-
parameter fracture mﬁdels (inherent flaw, point stress and average
stress) and experiments, the characteristic length or damage zone
mst be known. In fact, even to use tﬁese methods at all requires
that fhis dimension must be established for a particular laminate.
The originators of the inherent flaw and point sfress criteria sug-
gested a characteristic length of 0.04 inch (1.016 mm) for all aspect
ratios would be a reasonable assumption while for the average stress
criterion they suggested a characteristic length of 0.15 inch (3.810 mm).

" They further suggested that this quantity could be assumed to be
constant for a type of composite; i.e., graphite/epoxy, glass/epoxy,
etc. To validate the above suggested characteristic lengths for our
materials (7300/934 graphite/epoxy), an attempt was made to calculate
these parameters'(Equations (8-4), (B-6) and (B-7)) from the experi-
mental data generated in this 1nvestigation.

As shown in Figure B-10, the characteristic lengths determined
from our experimenté were higher than the ones suggested preQious1y
[66,72]. It should be noted that non-self-similar crack growth was

observed in the cases shown in Figure B-10 and it is probably due to
this fact that a decreasing characteristic length with 1ncrea51ng
aspect ratio trend was observed. The proposed two-parameter fracture
models do not allow for such a trend In all fairness, however, the
sodels were originally proposed for quasi-isotropic laminates and the

laminate types shown in Figure B-10 are not quasi-isotropic.
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Quasi-self-similar crack growth was observed for the nearly
quasi-isotropic laminates and the trends were similar to the ones sug-
gested by the proposed models as evident by examination of Figure B-11.
In this latter figure, the total crack extension pfior to separation
as determined by the load-COD method were consistent with the
characteristic lengths of the inherent flaw model for the [0°/:45°/0°]2S
laminate. In the case of the [0°/90°]4s Jaminate, this trend was

opposite to the ones proposed by the three two-parameter models.

Notched Strength Predictions

The two two-parameter models of Nuismer and Whitney utilize the
exact anisotropic infinite plate solution for centr;IIy located cracks
and holes. As a result, comparisons of these models with the inherent
flaw model and BIE method can only be madé for center notched (CN)
laminates. Comparisons between experimental and predicted strengths of
the CM specimens for different aspect ratios and laminate orientations
are as sﬁoun in Figures B-12 to B-15 for our T300/934 graphite/epoxy
paterials. Equations (B-4), (8-6) and (B-7) of the two-parameter
models were used to obtain the anélytica1 curves representative of
those models. The characteristic lenéths used to generate these
curves were assumed to be constant and specific values as suggested by
the originators of the models were used as was discussed earlier.
As may be noted in Figures B-12 to B-15, considerable differences were
found between predictions based upon the three two-parameter models
and the experimental results. while some of the variations may have

been due to experimental error, jt §s felt that the fundamental reason
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Figure B-12. Comparison Between Experimental and Analytical Critical
Remote Stresses for CN [0"]85 Laminates.
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Figure B-13. Comparison Between Experimental and Analytical Critical
Remote Stresses for CN [0°/90°]45 Laminates.
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for the difference between the various methods of approach were

likely due to the assumed constant characteristic lengths. Obviouslf,
better comparison between analysis and experiment would have been ob-
tained if a “best fit" characteristic length had been used. Such a
procedure is nothing more than neurve fitting" and does not lead to

a better understanding of the fracture pehavior of composites. |

The results labelled Cruse in Figures B-12 to B-15 were obtained
by assuming that the fracture toughness calculated using the aspect
ratio, 2a/w = 0.25, represented the true value for the laminate.

This value was chosen because in all cases the fracture toughness
approached asymptotic values beyond 2a/w = 0.25. In these figures,
the best comparison between analysis and expériment was seen using the
one-parameter 8IE model of Snyder and Cruse.

The three two-parameter fracture models can be used for circular
holes as well as for crack-1ike flaws. Thus, using the same constant
characteristic lengths as discussed above for the AS-3501 graphite/
epoxy specimens containing holes, comparisons between the predicted
fracture strengths of the three th-parameter models and experiments
are shown in Figures B-16 and B-17 for a variety of laminate orienta-
tions. Generally, the inherent flaw predictions correlated better
with the experimental fracture strengths than the two approaches of
Whitney and Nuismer. Again, a better correlation between analysis and
experiment could have been obtained by adjusting the characteristic
dimension which again would have represented a "curve fitting" process.

This was not done for the same reasons discussed earlier.
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Figure B-17. Comparison of Experimental and Theoretical Fracture
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corrected to infinite width using isotropic stress
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Finite Width Correction Factor

When correlating experimental results with analyses based on a
body with infinite dimensions or vice-versa, finite width correction
factors (FWCF) must be employed if the correlations are to be meaning-
ful. To date, most of the FWCF's for isotropic materials are
numerically obtained. In the case of composite materials, all the
FWCF's are obtained numerically. Thus, a comparison of the jsotropic
FWCF and the anisotropic FWCF (obtained‘from the BIE method) for the
notched specimens used in this investigation would be appropriate.

Since the BIE method is a numerical method and like other
numerical methods, its convergence should be determined. The procedure
Qdopted here was to determine the segment spacings first, followed by
prescribing the boundary ;onditions. The results obtained were
compared to the results reported in reference [(80] for isotropic
materials. For the three types of implanted notches used here, the
differencé between the BI§ results and the ones in reference [80] was
less than 0.3%. Upon completion of this preliminary work, the
conversion to anisotropic cases was just a matter of defining the
Jaminate orientation and principal material properties.

The variations between the isotropic FWCF (equation (8-11)) and
the anisotropic values for the CN specimens are as shown in Figure

B-18. Fxcept for the [:45°]4S laminate, the difference between the

isotropic and anisotropic values are Jess than 5% for all aspect ratios.

In the case of the [:45°]4S laminate, the most anisotropic laminate
jnvestigated here, the maximum difference between the isotropic and

anisotropic value was approximately 10% when 2a/w = 0.45.

'\. _v,k:}?‘é‘v';’?ﬂl, A
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Comparisons between the isotropic FWCF [80] and the anisotropic
FWCF of the DEN and SEN laminates are as shqwn in Figures B-19 and
B-20, respectively. variations in the FWCF's were noted, especially
in the DEN cases. For these two notches, the largest variations
between the isotropic and anisotropic FWCF's were seen for the [45°]as
laminate. Quantitatively, the maximum deviation was about 20% at the
largest aspect ratio. .

Thus, depending on the anisotropy, -aspect ratio and type of im-
planted notch, the jsotropic FWCF may or may not vary substantially
from its anisotropic counterpart. However, it should be noted that
the isotropic FWCF's, for the three types of implanted notches in-

vestigated here, were much easier and convenient to compute than the

anisotropic FWCF's.

Conclusion and Future Considerations
From the results and discussion here on the fracture behavior of
graphite epéxy laminates, the following observations can be made:

. The COD measurements of the CN specimen indicated that
the compliance of square slots was always higher than nafrow
slits, for all laminates and aspect ratios. Consequently,
the remote fracture stresses of square slots were the higher
of the two cases. |

. [145"]4S laminate containing circular holes had a slightly
lower remote fracture stress than those containing narrow
slits even though the compliance of the holes was higher.

This conclusion was drawn from observations of the

[ R
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photoelastic coatings which revealed that the intense

regions were larger in the case cf the holes. Thus, holes

are more critical than slits for this laminate geometry.

The effects of anisotropy on the stress field in the vicinity
of the notch tips of the CN specimens were clearly illustrated
by the birefringent coatings. By varying the anisotropy of
the material from quasi-isotropic to highly anisotropic.

the pattern of the fringes was varied. For [’45°]45 laminates,
the effects of interlamina constraints were detected.

Stable crack growth was observed in most of the in-situ
microscopic observations and was generally associated with
matrix-dominated situations. Microcracks were always present
in the notched and unnotched free surfaces of the failed
general laminates. |

For CN laminates, when non-self-similar crack propagation
occurred, characteristic lengths decreased as the aspect ratio
increased. When self-similar crack propagation occurred, the
characteristic lengths approached an asymptot{c value as the
aspect ratio increased, which was also seen in the results

of the work of the originators of the two-paraneter models.
Using the suggested characteristic dimension of 0.04 inch
(1.016 mm) for the point stress and jnherent flaw models and
0.15 inch (3.810 mm) for the average stress model, a
comparison of the predicted fracture strength with the experi-
mental results of specimens containing CN and holes was made.

For CN specimens the best correlation between analysis and

s
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experiment was obtained using the BIE method. The inherent
flaw model generally correlated better with exper imental
results than the other models used for circular hole
geometries. No ncurve-fitting" was attempted with the two-
parameter models.

. The finite width correction factors used to correlate the
experimental results with analysis varied according to the
anisotropy of the laminate. The maximum deviation between
the isotropic and anisotropic correction factors (obtained
from the BIE method) was approximately 10% for the [:45°]4S
cx lapinate at 2a/w = 0.45 and approximately 20% for the
[45°]8s SEN and DEN cases when a/w = 0.7 and 2a/w = 0.7,
respectively.

In conclusion, the BIE method is an excellent analytical tool for
jnvestigating the fracture behavior of composite materials. The two-
parameter models and isotropic finite correction factors should only
be used as a rule of thumb type judgment or design situation and

primarily only for quasi-isotropic laminates.

Tentatively, future jnvestigations on the time-dependent fracture
behavior of notched composites should utilize the rationale of the BIE
method. This is primarily because jt is more convenient to use and
has a better accuracy than other numerical methods such as finite
elements and finite difference. The results and discussion presented
here should be sufficient justification for fhe preliminary time-

dependent analysis of notched composites using the BIE method.
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THE TIME-TEMPERATURE BEHAVIOR OF GRAPHITE/EPOXY LAMINATES

by
Yew Thye Yeow

(ABSTRACT)

An in-depth study on.the time-temperature behavior of epoxy
based continuous and elastic fiber reinforced composite materials and
the feasibflity of using the time-temperature analogy as an accelerated
characterization method to predict the long-term behavior are presented.
This is a two-pronged investigation as the material investigated
(graphite/epoxy) js essentially quasi-elastic at éoom fenperature and
viscoelastic at elevated temperatures. Correlations between analjsis
and experiments are presented whenever possible.

At elevated temperatures, master curves of matrlx dominated uni-
directional laminates are obtained using the time-temperature super-
position principle. Using the principal properties (Ell’ Ezz(t);
G1Z(t) and VIZ)’ master curves of other off-axis laminates reduced at
any arbitrary ambient temperature are predicted. The results obtained
from the short-term (16-minute) tests, medium term (25-hour) tests and
predictions are shown to correlate reasonably weil. In addition, the
delayed failure prediction and experimental results are shown to
correlate reasonably yell. Both the experimental and predicted delayed
faflure results indicate that the creep strength master curves are

. dependent on the in-plane stress states and that failure modes vary
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from ductile to ouasi-brittle depending on the duration of the tests.
At room temperature, a summary of the unnotched and notched
behavior- is presented. In the unnotched case, total stress-strain
responses of general symmetric laminates are predicted with a non-
linear analysis and compared with experimental results. The analysis
js used to validate intralamina shear test methods. In the notched
case, test results for specimens containing variations in notch '

geometries and anisotropy are given. These results are correlated to

three two-parameter and one one-parameter analytical fracture models.
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